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(54) Title: COPOLYMERS AND NON-POROUS, SEMI-PERMEABLE MEMBRANE THEREOF AND ITS USE FOR 
PERMEATING MOLECULES OF PREDETERMINED MOLECULAR WEIGHT RANGE 



(57) Abstract 

The present invention relates to a biocompatible, hydrophilic, segmented block polyurethane copolymer which comprises 5 
to 45 wt% of a hard segment, preferably a reaction product of an organic diisocyanate, a diamine and a polyol, and 95 to 55 wt% 
of a soft segment selected from a hydrophilic, hydrophobic and amphipathic oligomer such as aliphatic polyols, aliphatic and 
aromatic polyamines and mixtures thereof ; the copolymer being capable of forming a non-porous, semi-permeable film of a ten- 
sile strength greater than 300 and up to 10,000 psi, an ultimate elongation greater than 300 % and up to 1,500 %, and a water ab- 
sorption such that the sum of the volume fraction of absorbed water and the hydrophilic volume fraction of the soft segment ex- 
ceeds about 100 % and up to about 2,000 % of the dry polymer volume and being permeable to cell nutrients and waste" molecules 
of up to about 6,000 to 600,000 molecular weight and substantially impermeable to cells and particulate matter. A non-porous, se- 
mi-permeable, biocompatible film is formed from the block copolymer of the invention in the form of a flexible sheet or a hollow 
fiber. TT)e present invention also relates to a method of permeating molecules of a predetermined molecular weight range while 
preventing the passage of larger molecular weight molecules, cells and condensed phases of matter between two fluids comprising 
interposing between the two fluids the non-porous film of the invention. 
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COPOLYMERS AND NON-POROUS, SEMI- PERMEABLE MEMBRANE 
THEREOF AND ITS USE FOR PERMEATING MOLECULES OF 
PREDETERMINED MOLECULAR WEIGHT RANGE 

BACKGROUND OF THE INVENTION 

Field of the Invention 

This invention relates to a biocompatible, 
hydrophilic, segmented block copolymer that comprises 
hard and soft segments in a predefined proportion. 
The copolymers have hydrophilic or aonphipathic soft 
segments that provide permeability to films and 
membranes prepared therefrom due to their 
lyophilicity, hydrophilicity and molecular weight, 
and hard segments that provide high cohesive energy 
reinforcement. The polymers of the invention may be 
cast into flexible sheets and/or hollow membrane 
shapes. The copolymers of this invention form 
strong, optically-clear, dense membranes which are 
selectively permeable to gases, ions, proteins and 
other macr omolecules . The molecular weight cut-off 
of the membrane is controlled by varying the soft 
segment content, soft segment polarity/hydrophilicity 
and soft segment molecular weight. 

Description of the Background 

In general, polyetherurethane block or segmented 
copolymers exhibit good biocompatibility along with 
high strength and elastomer ic properties. This 
unique combination of properties is due in part to 
the two*phase morphology of the polyurethane 
molecule. In a typical polyurethane, aggregated 
aromatic or aliphatic urethane or urea segments 
constitute a heard glassy or semicrystalline phase, 
while low glass transition temperature (Tg) 
oligomer ic segments comprise the liquid-like, irubbery 
soft phase or segment. The morphology of a 
polyurethane depends on ittany factors, including hard 
and soft segm nt chemistry, segment polarity 



differences, hard segnen^t con^en^, and hard and sof'b 
segment moleculeir weights. 

In both polyiirethaneiireas and polyiir ethanes, the 
chemistry of the soft segment affects the degree of 
phase separation in the polymer, which in turn 
affects its bulk and stir face properties smd 
s\ibsequent biccompatibility. Polyur ethaneureas , 
similar to the ones disclosed in this patent only as 
to their hard segment compositions, have been shoim 
to be x-asistant to degradation in several 
applications (Paynter , ^ et al. ,^ •'The Hydrolytic 
Stability of Miti'athayie , a Polyurethaneurea - An 
X-ray Photoelectron Spectroscopy Study", J. Biomed. 
Mater. Res. 22s687-69g (f^aiS) ; Szycher, et al. "Blood 
Compatible Polyxirethahe Eiastojuers", J. Biomater. 
Appl. 2:290-313 C19B7) )V 

ThB application oi natiirkl and synthetic polymer 
membranes to the separation of gaseous and liquid 
mixtures of low molecular weight has been reported in 
a number of reviews. Kaiiy studies of membrane 
permeability to simple Ibv molecular weight (MW) 
permeants have been reported in which the composition 
of glassy-rubbery or crystalline^rxibbery copolymers 
are varied. A polyur ethane multipolymer membrane 
different from the one disclosed herewith has been 
shown to be water and salt perineable. Xn 
thermoplastic segmented blbbk copolymers where one 
block or segment is glassy or crystalline (hard 
segment) and another is rubbery or liquid-like (soft 
segment) , the permeation of molecules occurs 
primarily through the soft segment. The relatively 
impermeable hard segment, provides physical int grity 
to the polymer by virtue of its strong intermolecular 
interactions with like segments on adjacent 
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nolecules, even under conditions which nay cause 
swelling of the soft segment. 
1 Olckema, et al. discloses a series of polyether 

polyurethanes based on polyethylene oxide (PEO) , 
5 polytetramethylene oxide (PTMO) and mixed PEO/PTMO 

soft segments suitable as blood contacting surfaces, 
but with a hard segment content of 55 wt%, too high 
to be useful in the present invention. (Okkema et 
al., "Bulk, Surface, and Blood-Contacting Properties 

10 of Polyurethanes Mpdi/ied with Polyethylene Oxide", 

J. Biomater. Sci. Polymer. Edn. 1 (1) :43-62 (1989)). 

Takahara, et. aJL. discloses the preparation of 
Segmented Poly (et^ieocurethaneureas) (SPUU) with 
hydrophilic and ^y^ophobic polyether components. 

15 (Takahara et al^yr:^^»Sur^c^ce Molecular Mobility and 

Platelet Reactivity of/ CSPUUS) with Hydrophilic and 
Hydrophobic Soft. Segment Components", J. Biomater. 
Sci. Polymer. Edn ,1(1) : 17-29 (1989)). Platelet 
adhesion and dynamic contact angle measured after 

20 adsor;ption of bovine servim albumin revealed that the 

, SPUUs with hydrophilic soft segments had a 
non-adhesive surface. 

Chen, et al. examines the relationship between 
structure and properties of polyether based 

25 polyurethanes. (Chen et a 1. Synthesis, 

Characterization and Permeation Properties of 
Polyether Based Bolifuref^ihanes" , J. Appl. Polym. Sci. 
16: 2105-2114 (1972) X., Of particular interest is the 
testing of the jt:3[ansport of water and low molecular 

- 30 weight salt through polymeric membranes made of 

I elastomers that are. -block copolymers consisting of 

- hard and soft segments , with the former acting as 

physical crosslinks. 

U.S. Patent 3,804,786 to Sekmakas discloses 
35 water-dispersible cationic resins, particularly 
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polyurelihane resins prepared by reaction of a 
resinous polyepoxide with a polyisocyana-te to provide 
an hydroxy-fxinctional polyurethane with tertiary 
amine functionality; These resins are useful for 
5 electrode position at the cathode. 

U.S. Patent 3^326,763 to Suzuki and Osonol 
discloses a process for preparing polyurethane 
compositions by dispersion of polyurethane-containincf 
isocyanates made from polyols and organic isocyanates 

10 in water under specified conditions. 

U.S. Patent 3,852,090 to Leonard et al. 
discloses the utilization of a urethane filM for 
waterproofing a breathable textile substrate. 
U. S . Patent 4 ^ 124 , 572 , to Mao relates te 

15 theinnoplastic polyurethanes prepared by a specified 

method. The thus produced elastomers are useful for 
automotive products^ applications such as cattle ear 
tags, coatings and coated fabrics. 

U.S. Patent 4,183^836 to Wolfe, Jr. discloses a 

20 water-based polyurethane dispersion and its 

preparation by reacting an aliphatic diisocyanate 
with three critical active hydrogen co^ipoiinds to form 
a pre-polymer containing carboxyl and free isocyeuiate 
groups, amd then dispersing the pre-polymer in an 

25 aqueous medium with a tertiary amine and a diamine. 

These dispersions ar??. useful in coating applications 
such as textile materials o ; 

U.S. Patent 4,190,566 to Noli et al. relates to 
non- ionic, water dispersible polyurethanes with 

30 substantially linear molecular structure and lateral 

polyalkylene oxide polyether chains: containing 
ethylene oxide units of specified content. 

U.S, Patent 4,202,880 to Fildes et al. , 
discloses sustained r lease delivery means comprising 

35 a biologically active agent, ioe., a drug, a linear 
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hydrophilic block poly oxyalkylene-polyur ethane 
copolymer, and optionally a buffer. A single 
hydrophilic soft segment is used* Only the hard 
segment is hydrophobic. 

U.S. Patent 4,202,957 to Bunk, et al. discloses 
polyurethane polyether**based elastomers which are 
thermoplastic and recy&lable> athd have increased high 
temperature resistance that makes them suitable for 
injection * molding^- ^ ^ ^ - • 

U.S. Patent 4 ; 224^^432^ tb Pechhold^ et al . 
discloses : a polyur etaiarie - coinpxr islrig a reaction 
product of a polymeriMttei-of^ tetrkhydrofuran and an 
alky lene oxide;' ah br^a;hic and a chain 

extender which isf" air %llphati^^ jpblyoi or a polyamine. 

U.S^ :Pat^ht^^,3«Ti 3^2:7 to Hblke^ et al. relates 
to a breathablj& jpbiyiirifethane film for coating fabrics 
to make them wat^ri>rbof^ >Thfe polyurethane film 
comprises, in' stoichibioaetric amounts a hard segment 
made of a iow molecular Weight diisocyanate with a 
difunctional: compound, and a soft segment comprising 
polyethylene glycol ; The mechanical' properties of 
the film are improved by crosslinkang= with: a 
triisocyanate.-'^ ' ' -"'^ - - '''^ ^rt^ij-: - 

U.S. Patent 4 V849:;4Sa to Reed et %^1^ 
hydr ophil ic / segmented- pb^iyetheir pbKtyur ethane-urea 
exhibiting increased^ tensile strength =and elongation 
when wet with water The pol form clear films 

that are permeable^ to watet^ vapor. 

Many of these- materials kre segmented 
polyurethane elastomers. Some of them/ moreover, 
have found biomedical applicatiohs virtually without 
being modified. However, despite their widespread 
use, many biomaterials were originally developed for 
nonmedical uses. In fact, most polyurethane 



materials were developed to satisfy high volume, 
industrial needs. A most notable excimple is DuPont*s 
IjYCRA* Spandex, a polyurethane utilissed in the 
fabrication of circulatory support device components. 
This material was later sold iinder the trade name 
BIOMER* Segmented Polyurethane. 

AVCOTHANE-51* resulted from the combination of 
two commercially available polymers ^ a silicone and a 
polyurethane, both of which are widely used as fabric 
coatings. AVCOTHANE-51* iis utilized in bxbmedical 
devices such as an intra-aortic balloon. The sole 
improvements introduced for its biomedical 
applications were the use of highly purified starting 
materials, the filtration of the product solution and 
clean conditions for the fabrication of 
blood-contacting surfaces. Another biomedical 
polyurethane, AVCOTHANE-610*, also called 
CARDIOMAT-610*, and ANGIOFLEX** are presently being 
used in blood p\amps and trileaflet heart valves. 

The thermoplastic material PELLETHANE* was first 
applied to the manufacture of cannulae for blood 
vessels, and later of catheters. This material had 
originally been developed as an extrusion molding 
resin exhibiting superior hydrolytic stability than 
their polyester*based counterparts. Table 1 below 
lists some of the biomedical polyurethanes available 
in the U.S. market. 

The known materials listed in Table 1 below may 
be essentially divided into two groups, where for 
each group one material is derived from the previous 
one, and so on. 
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Table 1 ; Biomedical Polyurethanes 



AVCOTHANE-51/CARDIOTHANE-51 (10% silicone) 

5 AVCOTHANE-610/CARDIOTHANE-610/ANGIOFLEX 
Biotihane 

BIOMER/LYCRA Spandex/Mitrathane 

BPS-215 

Es-tane 5714 
10. Extrudable BIOMER 

PELLETHANE 2363/RenatLane 

Supert:hane 

Tecof lex 

Texin 
15 Tygothane 

Vialon 



If the polyesterurethanes, which exhibit low 
hydrolytic stability, are eliminated from the list, 
20 two classes of polyetherur ethanes remain* These are 

the polyurethanes containing solely iirethane groups, 
and polyurethaneureas, which also contain urea 
groups. Table 2 below lists some of the common 
reactants used in polyurethane synthesis. 



BNSOOCID -WO 9V?J&1A\ i > 



Table 2 : React:ants of Biomedical Polyuret:hanes 



POLYETHER 

H (O-CH^-CH^-CH^-CHj-) ^OH 
poly^etramethylane oxide (PTHO) 
polyte^ramethylenetherglycol (PTHE6) 
polytetrahydrof uran (poly (THF) ) 

DIISOCYANATE 

OCM -Ph - CHj -Ph- NCO 

4 g 4<-diphenylintli£jii& diisocyanate (HDI ) 

CHAIN EXTENDERS 

Polyure^hanee: .Butane Diol (BD) 

HjN-CHj-CHj-KHj 

Polyuret:h&ne«reaa : .Slzhylene Diamine (ED) 



The majority of uaefui btosaeciical el&sfcemers are 
tiiose prepared from polye^ti^er glycol© o A saast 
commonly-used poly ether glycol is a product of the 
ring-opening poljTnerization of tetr@hydrof uran (THF) . 
This polyether is known mostly as 
polytetramethylenetherglycol, (PTMEG) 
polytetramethyleneoxide (PTKO) and 
polytetrahydrofiiran (poly(THF)). The present 
inventors have found that polyurethanes containing 
only soft segments of PTMO are impermeable to 
permeants as low as 180 daltons (glucose) and are^ * 
therefore, unsuitable for use in the present 
invention. 

The most commonly used diisocyanate is 
4,4-diphenylmethanediisocyanate (MDI) . HDX-based 
polyurethane elastomers generally have physical and 
mechanical properties that are superior to polymers 
prepared from tolylene diisocyanate (TDI) , or the 
aliphatic diisocyanates such as hexamethylene 
diisocyanate (HDI) and dicyclohexanediisocyanate 
(HMDI) ^ a hydrogenated MDI analogue. Aliphatic 
diisocyanates produce non-yellowing polymers upon 
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exposure tc ultraviolet radiation and are thus 
extremely desirable for industrial and apparel 
coating applications. HMDI hard segments are often 
too miscible with the poly ether segments to provide 
5 the degree of phase separation rec[uired to achieve 

optimal mechanical properties. This is particularly 
true at elevated temperatures, such as 37 *C, which 
significantly decrease- the physical strength of a 
polymer. Phase separaltipn is, therefore, important 

10 for attaining good physical properties in 

polyurethane elastomers; This relationship is 
discussed further below> 

' The react iori of isocyanate groups with low 
molecular weight-^iaifuntetional leads to chain 

15 ^ extension, I andc"t5 tHfe^f ©rination of hard segments 
connecting ::^the:?polyether- soft segments through 
ur ethane .groups : : -If rthe chain extender is a diol , 
the hard 'Segment c has 'repeat units connected by 
urethane groups > whereas if it is a diamine, the hard 

20 segment comprises ufea'^igroups. In the later case, 

the result ingr polymer is referred to as a 
polyurethaheurea, although in common useage, both 
groups are often referred to as polyurethanes . Some 
of theiproperties ^of 'these elastomers are shown in 

25 Table : 3\:below. i : r 
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Table 3 ; Biomedical Polyuretiiane Properties 

POLYUREIHANES , POLYURETHANEUREAS 
P£U£!HAN£ 2363^ BIOMER^ 

modexmte phase sqtmtkn good phase tspMotkm 

tfaenDoptestic aiilveat em (unless attended) 

>7QA shoie hrrlnrtr . lov hudaos/modiilus poaMe 



extreme tougliaess 

modente hysteresis/cTeep law hysteresis/cfeep 

10 good flex life exedlent flex life 

sevcie dtstOTtion in autoctoyable 
autcciavc 



^MDI/PTMO/BD 



15 ^MDI/PTMO/ED 



The chemical comppsit;ion of the permeable, 
nibbery phase of a block copolymer may be varied in 
this invention without resulting in a significant 

20 variation in its total volxime fraction or glass 

transition temperature, Pol^/urethanss like the 
PEIiLETHANE 2363* series are moderately 
phase«^separated thermoplastics generally having a 
shore hardness of 70A or. higher. These polymers are 

25 reasonably tough and resistant to fatigue, but 

exhibit^ a high level of hysteresis or creep under 
loado These polyurethanes are usually unable to 
withstand autoclaving without distortion and 
molecular weight reduction. Polyurethaneureas like 

30 BIOMER* aTB. more highly phase-separated elastomers 

which are generally manufactured in solution unless 
the diamine chain extender is completely replaced by 
water, as it is in the extrudable BXOMER* polymer. 
When the t tal content of hard segment is lowered, 

35 useful urea-containing iirethanes are obtained. These 

are elastomers approaching natural rubber 
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characteristics. Both BIOMER** and the polyether 
PELLETHANES* have pure PTMO soft segments and are 
iinsuitable for use in the present invention. 

A combination cf high elongation at break and 
5 high ultimate tensile strength mcike the 

polyurethaneureas tougher than the corresponding 
polyiirethanes. Their low hysteresis or clreep 
properties, however, are probably their most 
outstanding feature. Polyurethaneureas exhibit 

10 excellent flex life wh4h subjected to biaxial strain, 

such as in a blood pump. Finally, polyvirethaneureas 
can withstand one or two autoclave cycles without 
evidencing a significant decrease in molecular weight 
or physical properties. This is indicative of a 

15 superior ability to' retain their properties at 

elevated temperatures "r^lativfe t6^ polyurethane 
analogues. : :^ i. 

Although many pblyurethanes and 
polyurethaneureas are available commercially, some of 

20 which were discussed abb'^/e, none fozrms membranes of 

permeability, strength; flexibility and " 
. biocompatiblity required for growing cells by 

permitting the passage of- nutrientsv cell products 
and cell waste materials while' preventing the passage 

25 of immunological 6t ^iQicr^obioldgical subsiLances that 

might be detrimental -tb cell gro the 
manuf actiire of cell ^ ^products ^ - ^ " 

SUMMARY OF THE I^IVENTION 

This invention relates to a biocompatible, 
30 hydrophilic, segmented block polyurethane copolymer, 

comprising 

about 5-45 wt% of at least one hard segment; 
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€j9ou^ 95 — 55 wt% of at least one soft segment, 
comprising at least one hydrophilic, hydrophobic or 
amphipathic oligomer selected from the group 
consisting of aliphatic polyols, aliphatic or 
aromatic polyamines and mixtiires thereof; the 
copolymer being capable of forming a substantially 
non-porous, semi-pei-meable f ilm having a tensile 
strength greater than about 350 psi and up to about 
10,000 psi, an ultimat^a elongation greater than about 
300% and up to about lv?00% and a water absorption 
such that the sum of thfr hydrophilic volume fraction 
of the soft segment e^nd the absorbed water volume 
fraction is greater tSiaxi s^bout 100 % and up to about 
2,000 % of the dry poxisuer- volxme and greater than 
about 50% and up t© about S 5% of the wet polymer 
volume and being persi^&bl^ to molecules of molecular 
weight up to about 6,000 to 600,000 daltons and 
substantially impermeable ceils and particulate 
matter. 

This invention also relates to a non-porous, 
semi-permeable, biocompatible film formed from the 
block copolymer described above* 

Also encompassed herein is a method of 
permeating molecules of a predetesrmined molecular 
weight range while s;£bsteuatially preventing the 
passage of cells and pai^ticuiate matter between two 
fluids, the method coayrising interposing between the 
two fluids a non-porous, seiai-permeable, 
biocompatible film formed from the copolymer of the 
invention. ^ 

A more complete appreciation of the invention 
and many of the attendant advantages thereof will be 
readily perceived as the same becomes b tt r 
understood by reference t the following brief 
description of the drawings. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Figiire 1 depicts the variation in glucose 
permeability vs. time through dense membranes of the 
inventor with varying hydrophilicity. The wt% 
hydrophilic content or hydrophilicity is as follows: 
A (S5%)? B (66%); C (50%); D (40%); E (30%); 
F (20%); G (10%); H (0%). 

Figure 2 shows the correlation of membrane 
tensile strength svs hydrophilic content of the 
polymers of the .present invention. In every case the 
tensile strength of : ^th^ hydrated membrane is lower 
than that of :the i.dify membrane. The difference is 
Sfmall, however/ rand useful polymers may be obtained 
even at high hydrophilic contents. 

Figure 3 is ^a representation of the variation of 
the capacity for water absoirpt ion of the membrane of 
this invention -with increasing hydrophilicity. 

Other objects, advantages and features of the 
present invention will become apparent to those 
skilled in the art from the following discussion. 

DETAILED DESCRIPTION OF THE INVENTION 
This invention arose from a desire by the 
inventors to improve on existing polymer technology 
to regulate, by. varying certain parameters of the 
polymer composition^ the pearmeability of the 
membranes obtained -therefrom. Thus, by keeping the 
hard segment structure fixed, for example, the 
inventors have provided a co-polymer composition 
where they can vary the soft segment compostition, 
soft segment molecular weight and proportion thereof 
to th hards gmeht. The variation of these 
parameters pr vides a plurality of membranes of 
specifically tailored permeabilities. 



This invention provides strong, biocompatible, 
hydrophilic segmented block polyurethane copolymers 
comprising a minor voltme fraction of short hard 
segments ^d amphipathic or hydrophilic soft 
segments. Soft segment molecular weight, soft 
segment chemistry^ and soft segment concentration may 
be chosen so that the resulting block copolymer 
absorbs sufficient water and the sum of the volume 
fraction of water and the volume fraction of 
hydrophilic soft segment exceed about 50% of the 
total voliime of the waters-swollen polymer. Hore 
preferable, the volume' of absorbed water air: ne equals 
or exceeds about 50% of the total volume of the 
water-'swollen polymer i i. In both cases the 
water-swollen polymer has: an apparent continuous 
phase of hydr at ed soft segaen^:^ and / or water which 
permits the permeation of mat^rosnolecules into, and 
through, the copolymer ^ This is particularly true 
when the copolymer: is prepared in tlie fojrm of a 
membrane, film or coating. 

AltJiough many of the copolymers disclosed herein 
possess hard segments which are polyiir ethanes or 
polyureas, the nature of the hard segment is a 
relatively unimportant determinant of the 
pfermeability of the resulting copolymers. Since the 
hard segments^ are ^essentially impermeable, their 
major function is to. provide physical strength to the 
copolymer while existing as a separate molecular 
phase from the soft segment (s) « Xn all cases maximum 
permeability to proteins and other macromolecules is 
achieved, at minimum hard segment content. Therefore, 
when maximum^ permeability is required of the 
copolymer, : its total hard segment is chosen to be no 
higher than required to provide sufficient strength 
for use in the intended application. Since hard 
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segmen^s other tiian polyurethanes and polyureas. can 
of ten provide the required strength, it is within the 
scope of the present invention to employ copolymers 
with hard segments other than polyurethanes or 
5 polyureas. 

Examples of suitable hard segments include those 
which when prepared as homopolymers have melting 
points (Tm) or glass transition temperatures (Tg) 
above 37 *C and preferably above about 60 in the 

10 dry state and which.5 have ;mel ting points or glass 

transition temper a tures. above 37 in the fully 
hydrated state when Initially hydrated at 20 to about 
- 37: ^C. zL. ■ 

Suitable hard .segments have the optional 

15 requirement thai:, ife present at sufficiently-high 

molecular weight and total concentration in the 
copolymex-^V ti^ey formi a separate molecular phase from 
the soft 3egment(s) such that a distinct Tg or Tm is 
measurable in the copolymer, which must be within the 

20 above-specified range and which is also greater than 

.^the major Tg or Tm of the soft segments when the 
copolymer is fully hydrated. It should ^e -noted that 
if the hard segment content is Iqw and/ or if the hard 
segment molecular weight is low., available - 

25 instruments may be unable to detect the dominant 

thermal transition .of . the hard segment, hence the 
statement that detectabllity of Tg or Tm is an 
optional requirement.. 

Based on these requirements it can be seen that 

30 possible hard segments with the specified thermal 

transitions and water resistance which can be used in 
the present invention include a wide variety of 
chemical compositions. This is further illustrated 
by the following list of examples which is not 

35 intended to be all-inclusive or to limit the scope of 
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the invention: aromatic and cycloaliphatic 
polyethers, polyesters, preferably aromatic 
polyesters, polyamides, polyimides, polycarbonates, 
polyolefins, polyacrylates , polydienes, polyacetals 
5 and other homopolymers, copolymers or multipolymers 

which have Tg or Ta greater than 37*C in the hydrated 
state and preferably greater than about 60 *C in the 
hydrated state « 

Furthermore, although essentially linear 

10 polyurethane(urea) copolymers are presented as 

exemplary copolymers, it is possible to achieve the 
required straagth for certain applications by 
replacing some or all of the high-cohejsive^-energy 
hard segments with cova lent 'crosslinks. Suitable 

15 crosslinks may be obtained; through the ^ ns^^' of 

multi-functional reagents: empl:oyed ^ in the synthesis 
or membrane casting steps and/ or cross linking may be 
achieved by a variety of methods ^ known in the art 
which involve the use of various kinds of radiation 

20 to crosslink the polymer during or -after it is 

converted to a configured shape, often-through the 
inclusion of suitable reagents which become reactive 
when exposed to radiation ^ In polymers which derive 
significant strength from coya lent -crosslinks and 

25 posses little or no hard segment content/ it is 

expected that hard segments Tgi or Tm will be absent or 
unmeasurable by currently-available Instrumental 
methods. , 3 ^i'xy:-^i:\ ■ ^-^ . : -y- 

Furthermore, although essentially linear 

30 . polyur ethane (urea) copolymers are presented as 

exemplary copolymers V it is possible to achieve the 
required permeability and -strength by incorporating 
branching or grafting al ng the backbone of the 
polymers of the present invention. One method of 

35 introducing branch points is through a combination of 
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reac^ants having functionality greater than two 
together with monof unctional reactants. For example, 
a monofiinctional polyalkyleneoxide may be reacted 
with a trifiinctional isocyanate to produce a 
5 difunctional isocyanate with a pendant 

polyalkyleneoxide chain. The: modif ied diisocyanate 
may then be used in the: synthesris: of: a copalymer with 
branched or graft structure. Other methods of 
achieving branching and grafting are weill known to 

10 those skilled in the; art and are; considered to be 

within the scope of : the current , invention . 

Regardless of c the hard segment chemistry or the 
presence or absence? of :^ cbvalent cross 1 inks ; branch 
points or grafted sidfe chainsy the resu^tring polymer 

15 must retain sufficient: water absorptivity and 

molecular weight between^ crosslinks (or molecular 
weight between hard segments defined later as "spacer 
length") to possess an ^ apparent continuous aqueous 
phase in .the f ully-hydrated state. The exact hard 

20 segment content or crosslink density that is required 

to maintain a water-rich phase greater than about 50 
vol% will vary for each specific polymer> but is 
easily measured gravimetrically by hydratlng 
essentially dry polymer and noting the weight change 

25 if polymer density is known, or volume change upon 

hydration by displacaai©nt of a fiuid of known 
specific gravity or direct measurement with, e.g., 
calipers. Polymers suitable for the practice of this 
invention will absorb sufficient water such that the 

30 total of the volume fraction of absorbed water and 

the volume fraction of the water-absorbing 
hydrophilic soft segments , which may be calculated 
from the density and weight fraction of hydrophilic 
soft segment present, exceeds about 50 vol% of the 

35 total volume of the f ully-hydrated polymer. More 



BNSOOCID:<WO 9322360A1 I > 



WO 93/22360 PCr/US93/038Sl 



-18- 

preferable are copolymers which absorb sufficient 
water so that: the volxime fraction of absorbed water 
alone exceeds about 50 vol% and up to about 95 vol% 
of the total volume of the f ully-hydrated polymer. 
5 In the practice of the present invention the 

hard segment can also include a linkage between 
polyols or polyamines formed by a single diisocyanate 
. without the use of chain-extending reagents. 

Nhile it is often desirable to use the polymers 

10 of the present invention in the form of films and 

membranes in unsupported form, it may also be useful 
to cipply the pclymerc as coatings, laminations or 
impregnations to reinforcing substrates. Suitable 
substrates may be woven gjt ioiitted fabrics, 

15 microporous polymer structux^es; , including integral 

microporous structures matde of the polymers of the 
present invention, glass or carbon fiber mats and the 
like. These are knowri in the art and need not be 
further described herein. Particularly desirable 

20 siibstrates are expanded polytetraf luoroetliylene, 

expanded polypropylene, expanded polyethylene, 
sintered ultra-high molecular weight polyolefins, 
carbon fiber fabrics, sintered carbon, woven dacron, 
Ichitted dacron, dacron veloiir and the polymers of 

25 this invention either as a separate substrate or as 

an integral part of the mi^inbrane. However , others 
are suitable as veil. 

Also pro\'ided herein is a non-porous, 
semi-permeable, optically-clear biocompatible film, 

30 membrane or coating formed from the block copolymer 

: : : of this invention. 

The optically-clear, non-porous, semi-permeable, 
film, meiLbrane or coating formed from the block 
copolinner of this invention allows direct visual 

35 observation through the film or membrane. Also 
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provided herein is a method of permeating molecules 
of molecular weights of up to about 6,000 to 600,000 
daltons, and sometimes higher, while preventing the 
passage of condensed matter, and cells between two 
fluids, the method comprising interposing between the 
two fluids the non-porous polymer membrane, film or 
coating of this invention. 

Chemistry, molecular structure and macroscopic 
.structure affect the permeability and selectivity of 
.a polymer membrane. Macroscopic structxxre, 
particularly the presence cr absence of permanent 
pores, also determines the mechanism by which 
permeation will occur,. 

Two dif f erenjt m<echanisms of permeation through 
-membranes are di;sg|iisse4 in the following paragraphs v 
These are the ones associated with non-porous or 
dense membranes and in micrcporous membranes . 

In a micropprous membrane, the passage of gases, 
vapors and solutes occurs through small 
capillary-like pores that inhibit the passage of 
larger molecules and cells, but which may eventually 
become clogged with oversized permeants restricting 
the passage of desirable permeants. Since 
microporous membranes have pores that are larger than 
,the wavelength of visible light, they are invariably 
opaque or translucent in color, precluding the 
possibility of direct or microscopic, observation of 
the contents of membrane containers. A non-porous or 
dense membrane acts in general as an absolute barrier 
to cells and other condensed phases of matter, but 
may be made selectively permeable to predetermined 
gases, vapors and/or solutes. Since dense membranes 
hav no permanent pores that are larger than th 
wavelength of visible light, they can be water-clear 
or transparent in color.. This is a very significant 



improvement over opaque microporous membranes, 
particularly in in vitro cell culture applications. 

The mechanisms which provide selective 
permeability in microporous and non^porous dense 
membranes are quite different. As a result, the 
charsLCteristics of these two types of membranes 
differ e For the purpose of this discussion, 
water-swollen membranes are considered to be dense if 
they are dense in their dry state. The inventors 
have found that permeation through pre-hydrated, 
water^absorbing meiabranes appears to follow simple 
Fiekian diffusion kinetics as discussed below, even 
when a protein is the permeating species. 

Kon-Porous or Dense MembraRes 

It has generally been accepted that high 
molecular weight molecules could not pass through 
dense membranes due to their large size and/ or low 
solubility in the membrane polymer. The following 
description of the phenomenon of permeation through 
dense membranes will explain the mechanism the 
inventors believe is responsible for permeation 
through the membranes of the present invention that 
are non-porous or dense membranes, arid will clearly 
differentiate the membranes of the present invention 
from conventional micorpbrbus -membranes. 

In pinhole-f ree , densi^ polymeric membranes, it 
is Icnown that the transmission of low moleculair 
weight solutes, such as vapors and incondensible 
gases, occurs generally by activated diffusion. The 
driving force in activated diffusion is a 
concentration gradient within the membrane. The 
permeant first dissolves in the surface of the 
membrane on the side f highest c ncentration, and 
then diffuses across the film. Upon arrival at the 
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opposite surface, the permeant desorbs and may then 
enter the surroiinding space as a gas or vapor, or 
enter a liquid stream adjacent to the membrane's 
desorption surface. 
5 The development of a concentration gradient 

within the membrane arises from; a concentration 
difference in the phases that are^^ i^ direct contact 
with each face of the membrane • The driving force 
for diffusion is th^ diff-erence between the 
10 C|cmcentratipn& ^ q^^^ Pfs^e^nt di^splvedi in the two faces 

of, the membrane . - - Fpr^ s irnpl icity ' s sake , this is 
often reported as the ;GonGentrcition i d 
between the two ::adjriacent .phasic 

relationship between the concentration of permeant in 
15 the phase in equ.ij^^^^^ actual 

equilibrium cpncentr at ion of permeant dissolved in 
the film, is assumed: ,.,b^^ for 
many polymers, ^tOvl^^^ the mathematical 

ecjuation -.^'.^o ^'v.. 

20 , = Sp (I) 

.wherein , - , 

c is the concentration of permeant ^n the 
polymer film, :-c.i.jy---':.:ir.^. -^j : 

p is the concentiratipn of : permeant in 
25 equilibri\im with" ther:rf ilm, and . 

S is the solubility Qpefficient for the polymer. 



In the simple case of the permeation of water 
through a dense membrane> > made f rom' nonpolar membrane 
polymers which absorb very little Water, [e.g., 
30 polyethylene and polypropylene], Sgso is independent 

of p. For polymers which absorb larger amounts of 
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water, S may change with p. In general, the 
solubility of the permeant in a dense meiobrane is an 
important determinant of permeability, because it 
establishes a maximum driving force that can exist 
within the film. Since solubility generally 
decreases as molecular weight of the solute 
increases, the solubility of proteins in any polymer 
membrane designed to permit their permeation is of 
particular importance • Pick's Law governs the rate of 
transport of the permeant through the thin film under 
the existing concentration gradient in accordance 
with the follewing matheiLatical equation 

q=-D dc/dx, (li) 

-wherein :■•<: 

q is the amount of permeant diffusing through a 
unit area ©f the film per unit time, 

dc/dx is the concentration gradient across a 
thickness dx, and 

D is the diffusion constant for the specific 
polymer /permeant system^ 

If D is unaffected by the local concentration, 
c, then integration across the film thickness, 1, 
results in the following equation 

q-DCc^-c^)/!, (Ill) 
wherein / .■. 

and Cj are the concentrations in the two 
surfaces of the film. 

If Cj^ and Cj are related by Henry's law to the 
concentration of permeant in equilibriiim with the two 
film sxirfac s, th n equation (III) results in the 
equation (IV) bel w 

q=DS(p^-P2)/l, (IV) 



wherein 

the product of the diffusion constant D and 
Henry's Lav constant or solubility coefficient, S, is 
known as the permeability constant p. Thus, equation 
(IV) is equivalent to equation (V) below, 

p=DS=ql/(p^-P2), (V) 

wherein p has units of volume times thickness 

divided by area, driving force and time. It can be 

clearly seen from equation (V) that the rate of 

permeation depends on both the diffusivity D and 

solxibilty S of the permeant in the membrane polymer. 

The p values for many polymer /penneant pairs may 
be found in the literature, but only for cases in 
which the permeant is a relatively low molecular 
weight gas, vapor or solute. No such values are 
available for the permeation of proteins through 
dense polymer membranes. 

A simple inspection of equation (IV) reveals 
that the permeation rate of a specific non-porous 
film is directly proportional to the concentration 
difference and film area, and is inversely 
proportional to the film thickness e 

In the design cf a membrane polymer for use in 
the present invention the permeability coefficient, 
p, may be maximized through changes in polymer 
chemistry or structure which maximize D and S for the 
desired permeant. These changes will increase both 
the water uptake and the segmental mobility of the 
polymer. 

Our finding that a dense membrane in which water 
or a water-swollen hydrophilic soft segment phase 
c mprises a major component, e.g., greater than 



edx>ut: 50 vol%, prot:eln diffusion rates may be 
comparable -to, alUiough lower -than tneir diffusion 
ra^es in water is an important aspect of the present 
invention. High equilibrium water content may 
significantly increase protein solubility in the 
hydrated membrane relative to the membrane * s dry 
state. Since dense-membrane permeability depends on 
both the dif f usivity a2id the solubility of the 
permeant in the membrane phase, a membrane polymer 
with high water content may be permeable to high 
molecular weight; water-soluble permeants by 
presenting a water- like continuous phase through 
which the permeant may iaaslly pass' (dif f usivity 
enhancement) and an aqpieous ehvironment in which the 
permeant may easily dissbive"( sol 
enhancement).' ■ 

Some polymer properties influencing the 
permeability constant are discussed below. 

Qrysl^alXinitY 

Crystalline polymers are generally considered to 
be completely impermeable. In semicrystalline 
polymers, an increase in crystallinity produces a 
decrease in permeability. This effect can be quite 
significant at the phase inversion point when the 
continuous phase, which i^ usually the phase present 
at >50% volume fraction, changes from amorphous to 
crystalline. Certain uiembremie polymers of the 
present invention may also form impermeable 
crystalline regions within the soft segments when the 
membrane polymer is in the dry state. On hydrating, 
however, we have found that these crystalline regions 
becom amorphous and readily permit l^e passage of 
relatively high molecular weight permeants. 



Glass Transition Temperaiiure 

An amorphous polymer will be more permeable as a 
rubbery material at a temperature above its glass 
transition temperature (Tg) than in its glassy state 
belov Tg. Silicone rubber, for example, has a Tg of 
-120 ^C. When at room temperature,; it is -140 °C 
above its Tg, and dLt is, there^ 

permeable to a number of gases, and yaporsy Silicone 
Jls virtually impermeabXe, to water-soluble permeants 
of high MW/ howeve^r,. since, i^^ results 
in very low solubiDLi^teSr p iri t;he polymer, 

which absprbs 1 i ttle-, or , no. water • In: segmented 
polymers, such as pp4yurethaBeiireas,.^w^ hard 
segment is, glassy w c and: the- soft segment 

is rubbery^ perme^Ktion^ Qccursi^^^^^ the 
rubbery phase. If the content of hard. segment is 
increased, to a pointy where, it r becomes , the continuous 
phase, the permeability coefficient, p, drops 
significantly. An important aspect of the polymers 
of the present invention is that the soft; segment 
Tg is relatively low due to the choice pf reactants 
and due to the placticizing effect of jabsorbed water 
and that the impermeable hard segments- .comprise a 
minor volxime, fraction of . the water-swollen^ polymer . 

Affinitv & Solubility Parameters ; . = 

The greater,, the so^^ubility of a permeant in the 
hydrated polymer, . thf greater, t^ concentration 
gradient of permeant,, that may exist withlTi the 
polymer . The difference between the solubility 
psurameters of the permeant and. the polymer is one way 
of expressing this property i However , specif ic 
int ractions n rmally exist between the polymer and 
the permeant which make any predictions based solely 
on the solubility parameter less than accurate. One 
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such specific interaction involves hydrogen bonding 
between ( vat er-swo lien) polymer and permeant. More 
specifically, reversible hydrogen bonding among water 
molecules, chemical groups on the polymer, and 
chemical groups on the permeant molecules may play an 
important role in facilitating permeability of 
proteins through dense membremes of the present 
invention , 

As indicated above, the chemical structure of a 
polymer may be varied , , ajid this variation may be used 
to maximize the permeability of a dense film made 
from that polymer to a specific permeant. However, 
at the present time, an understanding of the exact 
relationship between the structure of the polymer and 
the permeant selectivity: obtained by a membrane 
during solute separation is lacking* Any a priori 
prediction of permeability , thus , remains difficult . 

Crosslinkina 

Crosslinlcing generally decreases the 
permeability of a membrane, particularly to large 
molecules , such as proteins . At low crosslink 
density^ however, the permeability of low molecular 
weight solutes may be only slightly affected • The 
crosslinking of polyxirethanes, for example^ may be 
the result of cetrtain side reactions during polymer 
synthesis which form allophanate and/ or biuret 
groups, the reaction of polyfunctional reagents to 
form urethane or vurea groups, or because of exposure 
to radiation. For any of these cases, high levels of 
crosslinking may have a significant negative effect 
on the permsation coefficient of proteins and other 
macromoleculeSf although low t medium levels may be 
useful in enhancing the strength of the membran s, 
particularly in the hydra ted state. It is an 
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important featixire of the present invention that the 
amount of crosslinking in membranes, films and 
coatings be kept low enough so that the 
previously-stated water absoxrption requirements are 
5 met.' 

Qrieptat:j>Qn 

Stretching and orienting a film generally 
reduces its permeability constant p, primarily 
because of denser molecular packing or increased 
10 crystallinity/ which occur as a result of the 

orientation,: 

Other , ,.'--::r'. r . ■ ' 

A substantia ii'sorpt ion of water by a polymer 
film increases : the ^ diffusion constant D due to 
swellingrand plasticization. Thus, water absorption 
by the membrane" polymers of the present invention can 
increase permeability by both Tg-lowering 
plasticization, . and by a reduction in crystallinity 
of the hydrophilic domains relative to their 
crystallinity in the dry state. The affinity, or 
solubility, s, of the water-swollen polymer to 
waterr-soluble permeants such as proteins is also 
related to polymer water absorption, since a 
water-'swollen soft segment capable of hydrogen 
bonding with sprbed- water, will appear to the 
permeant to be more- water-like than the dry polymer. 

Segment Molecular Weight 

The present inventors have found that by 
carefully choosing the soft segment chemistry to 
enhanc water absorption, and by limiting the 
(impermeable) hard segment content such that it 
c mprises a minor volume fraction of the 
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vat:er<*swollen polymer membrane, protein permeability 
may be achieved. The present: inventors have also 
found that an additional structural variable is 
important in determining the upper molecular weight 
of solutes which will permeate through the polymer 
membrane (i.e^ selectivity) s segment moleculeir weight 
or, more precisely, segment molecular length. 

As previously mehtiohed, the soft segment 
comprises the permeable; but weak phase of the 
membrane polymer The hard segment comprises the 
strong, impermeable phase of the membrane polymer. 
The much higher c6h«ssiv^ ehergy density or the hard 
segment gives it the abiiii:y to add strength to the 
overall polymer, but coh-^tfiTiutes essentially no 
permeability to the poij^ef (mexabrane) • Thus it may 
be assumed that all permeatiou occurs through the 
soft segment. It has 'alsS been mentioned that the 
most effective hard segments are those with the best 
phase separation from the soft segment. That is, on 
a Molecular scale, the most desirable hard segments 
are those that separate into domains conteiining like 
hard segments on adjacent polymer chains, while the 
soft segments comprise a separate phase. In an 
aqueous environment, the soft segment will also 
contain an amotmt of absorbed water which can vary 
from nearly zero to Very high levels, depending on 
the inherent hydrophilicity of the soft segment 
oligomers. ' 

Since the soft segment oligomers are, on 
average, covalently bonded at each end to a hard 
segment, it is clear that the maximum spacing 
possible between the impermeable hard segments is 
related to the length of the soft segment oligomer. 
Thus a critical molecular dimension for permeation of 
laorge molecules is set by the average soft segment 
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laolecular length. For essentially linear soft 
segment oligomers, molecular length is directly 
proportional to molecular weight. It follows then 
that increasing soft segment oligomer molecular 
5 weight should increase the maximum molecular weight 

of solutes which may permeate through the polymer. 
This effect may be applied to tailoring membrane 
permeability by choosing soft segment oligomer 
molecular weight. A typical commerciallyravailable 
10 polyether oligomer, for example^ may be obtained in 

molecular weights r:anging from a few hundred to a few 
thousand daltons. To achieve molecular weight cutoffs 
higher than those obtainable with — : ; - 
commercially-avaiJabl segment, oligomers, 

15 another approach is^.p^^ Available soft segment 

oligomers may be coupl^efl, together; prior to the 
reaction used to synthesize the final membrane 
polymer. . r 

In polyurethane synthesis, a so-called : 




three-step reaction can be employed in which- the 
first step involves covalently bonding two or more 
oligomers together while optionally retaining the 
oligomer's original end-groups by appropriate control 
of the stoichiometry of the coupling reaction. For 
25 exeunple, three moles of hydroxyl-terminated polyether 

oligpmer might bereaqted with two moles of a 
4ii^ocyanate chosen, to be different from the 
isocyanate used in the hard segment of the final 
polymer. Using a different diisocyanate to couple 
30 soft segment oligomers is optional but preferable 

since it minimizes the association of the coupling 
segment with the hard segment of the polymer. This 
is the desired situation for maximum permeability. 
In this example, if the original pplyol molecular 
35 weight was ,2,000 daltons, the coupled ligomer would 
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have an average moleculcur of 6,000 plus the molecular 
weight of the two diisocyanates used In the 
xirethsme-foraing coupling reaction. When this 
coupled oligomer is stibseguently reacted to form the 
final membrane polymer, the maximvim end-to«end 
distance between hard segments would be increased 
more than three times, relative to the original 2,000 
molecular weight oligomer before coupling. 

The maximum end-to-end distance of the 
optionally-coupled soft «?egment oligomer is referred 
to herein as a "spacer; length".: In the inventors' 
theoretical model of the%. mambrane polymer; - the spacer 
length is a determinant of the--, upper molecular weight 
cut-off of the membr an© pnlymer;. The relationship 
between the maximum persiec^nt molecular weight which 
can pass through a membjraBe :isiay not be r a linesur 
function of the spacer length. A permeant which 
assumes a roughly spherical conformation might 
increase its spherical diameter in proportion to the 
cvibe root of its molecular weight. A rod-like 
permeant, on the other hand, might increase its major 
dimension in direct proportion to its molecular 
weight. Fmrthermore, there is additional uncertainty 
associated with the relationship between average 
distance between impermeable hard segments and the 
molecular weight/ length of the soft segment oligomer 
"spacers" • It is likely that in the dry membrane 
polymer the soft segment oligomers assume a somewhat 
random coil conformation, or they may 'be folded into 
crystalline domains. Upon water . immersion and 
absorption, if there is significant water uptake and 
optional vitrification of the soft segment 
crystallin regions, a volume increase will result. 
As the polymer membrane increases in volume, the now 
amorphous, coiled oligomers may assxame a more lin eo: 
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conformation, msOcing average spacer lengt:h closer to 
the soft segment oligmer end-to-end distance. An 
additional effect of increased soft secrment molecular 
length may be that longer chain length between hard 
5 segments permits the f oxmation of a smaller number of 

hard segment domains, albeit of larger size. This 
effect could be caused by increased mobility of hard 
segments tethered through covalent bonds to very long 
soft segment spacers. For a spherical hard segment 

10 domain, domain volume increases with the cube of the 

diametaro A small increase in domain diameter may 
result in a large decrease in the number of hard 
segment domains impeding the transport of high 
molecular weight s?olutes, resulting in an increase in 

15 permeability to; high MWpermeants. 

Short hard 1 segment length enhances permeation of 
high solutes for the same reason that long soft 
segment length does. It is therefore desirable to 
minimize hard segment length. This must be done 

20 without decreasing total hard segment content, e.g., 

weight fraction of hard segment, below a critical 
minimum, since the strength of the polymer decreases 
with total hard segment content . For a given hard 
segment content and soft segment molecular weight, 

25 the hard segment length is minimized at maicimum 

membrane polymer; molecular weight. •Joo high a 
molecular weighty^ however, causes fabrication 
difficulties due to excessively-high melt or solution 
viscosities. Zn the present invention, membrane 

30 polymer molecular weight is controlled by 

chain-stopping through the addition of monof unctional 
reagents to the reaction mixture, or through the use 
of a stoichiometric imbalance f one of the 
reactants. Furthermore, by selecting certain 

35 hydrophilic monofunctiohal chain-stoppers the 



BNSCOCrD .WO t.Li?7:«CiAi i > 



pemeabillty of the polymers of the present Invention 
can be enhanced. This may be attained by adding to 
the total hydrophilic content of the polymer while 
also limiting molecular weight to a desired range. 

The polymers of the present invention may be 
synthesized to have a specific permeability to a 
given permeant and/or to have a specific molecular 
weight cutoff; by implementing an empirical, yet 
systematic approach. The empirical nature of the 
method is mandated by the hatxire of the phenomenon of 
permeability through dense membranes, the properties 
of specific permeants or non-permeants , including 
their solubility properfciesV^ molecular size and 
conformation. The inventi^rs provide herein a 
systematic approach to the production of membrane 
polymers in accordance with the present invention, 
which may be used to tailor meziibrane properties for 
specific applications. This is described briefly in 
the following paragraphs. 

The permeation of solutes through dense 
polymeric membranes is determined for the moist part 
by the dif fusivity and solubility of the permeants in 
the membrane polymer. If the membrane polymer 
absorbs a significant amount of the solvent, then the 
permeation of the solutes will be determined by the 
dif fusivity and Solubility of the permeants in the 
solvent-'Swollen membrane polymer. 

The absorption of a solvent, e.g., water, by the 
membrane polymer requires that the polymer have some 
affinity for the solvent. In addition, by 
definition, the solvent must be capable of dissolving 
the solute/permeant. It follows, thus, that the 
absorption of the solvent by the membrane may 
increase contribution of the solubility factor to the 
permeability coefficient by meJcing the environment 



within the membrane polymer more like the pure 
solvent than it was in the dry state. 

In general, in addition to enhancing the 
solubility of the permeant in the membrane polymer, a 
low molecular weight solvent will often act as a 
plasticizer for the membrane polymer* Plasticization 
involves a degree of dissolution of the polymer by 
the plasticizer. Ftirthermor e , as the level of 
plasticizer/solvent increases, the glass transition 
teipperature of the mixture will generally decrease. 
A decreased glass transition temperature suggests 
that the plasticizer^^ may facilitate the relative 
movement of macromple.cular chains by inserting 
themselves between, adjacent chains to increase the 
intermolecular spapiiig there between. In addition to 
the above, plasticizj^r/ solvents may reduce the degree 
of possible polymer^polymer interactions through 
specific interactions between the polymer and the 
plasticizer /solvent. A reduction in the soft segment 
crystallinity upon hydration, which occurs with 
certain membrane polymers of the present invention, 
is an example of the latter mechanism. 

In the case of an isotropic polymer membrane, 
significant solvent absorption/ swelling will produce 
a measurable increase an the physical dimensions of 
the membrane, e.g., along each of the x, y and z 
axes, by an amount approximately equal to the cube 
root of the volume fraction of the solvent absorbed 
therein. This provides direct evidence that the 
polymer chains have increased intermolecular distance 
in the swollen state since the same number of polymer 
molecules are now contained in a larger total volume. 
This increased. spacing and facilitated movement of 
polymer chains may increase perm ability by 



increasing "the dif fusivity contribution to the 
permeability coefficient. 

Thus, the absorption of a solvent by a membrane 
polymer may enhance the membranes permeability by 
increasing both the diffusivity and the solubility of 
a particular permeant. One method of tailoring the 
membrane of th© present invention to obtain a 
specific permeability rat© and/ or molecular weight 
cutoff, is to vary the composition and morphology of 
the membrane. This will effect an enhancement of the 
eunount of solvent absorbed, and of the extent of 
solubility and dif f usivity^ that results from greater 
solvent absorption. 

Although in some instances it may not always be 
possible to make exact guantltative predictions of 
the permeation characteristics of the resulting 
membrane, the inventors have found that certain 
qualitative and quantitative relationships exist 
which guide the process. Fxirtiierinor e , the 
permeability of candidate membranes may be performed 
with the methods described by the inventors herein. 
The structure vs* property relationships provided 
herein may be used to adjust the permeability 
properties of the membrane through an iterative 
process of synthesis, membrane casting and 
permeability measurement, until the desired values 
for the intended use are aittainedv 

In the examples provided in Table 4 below it is 
assumed that the permeant is % water-soluble 
macromolecule and that^the solvent is water or an 
aqueous fluid. Those skilled in the art will know 
that similar .approaches may be applied that are 
suit d for other sol vent /permeant systems by 
modifying the soft segment to facilitate the 
absorption of a non aqueous solvent, for exetmple. 
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Table 4; Membrane Polymer Structure Versus Property 
Relationships 



InnrOTtng Soft Sefmcnt 
MoteculAT Weight 



10 



15 



20 



25 



30 



Ifkcreasing Soft Segment 
Hys^rophiticisy 



Iftcreasing H&rd Segment 
Content 



Incieased Hard Segment 
DoiMin Sac 

Mixing Two or More Soft 
Segments 



CrossUnkinit At Low CroscUnk 
Density 



Effect 

•IncBcasec water absorption at oonsunt soft segment hydropfailidty 

and eoQsunt soft segment content (-f -f ) 

•Increases pcffmcabiUty rate (•t>-»'-t} 

•Increases molecular weight cutoff (+ -f ) 

•Increases (diy) soft segment cryst^iiinity -i-) ^ 

•Decxcases (dry) tensile modulus unless sofk segment ciystaUizes *(-) 

•locreafies ultimate tensile cliongnfion unless soft segment oystaUtzes 

•Increases water at>soq>tion at oonsumt soft segment mcrfecular 
weight and constant soft segment content (+ + +) 
•May increase soft segment ciystaltinity 
, \: if hyti^O|>hilic segments ciysiallize 

•Deceases permeability rate (- -) 
•Increases tensile strength (*f 4) 
•Increases tensile modulus f -t-y 
•Increases wet strength (-i^ 

•Increases permeability rate at constant bard segment content (-f) 

•Increases permeability nte when it decreases soft segment 
ciystaliinity (•*"(-) 

, eCan be used to increase solubility of permeant in polymer (by 
adding groups which have an affinity for permeant) and therefore 
increases permeability (-t>*f) 

•Increases permeability if used to obtain strength by significantly 
reducing hard segment content. ( ^ -f ) 

•can decrease permeability rate and molecular weight cutoff at 
higher crosslink density (• - -) 



35 



(4) and (-) refer to the nature of the effect and its intensity: 
(+ + +) « Strong positive effect. 
(-) s Weak negative effect, etc. 



40 



45 



Microporous Films , 

When permeation occurs by transport through 
"large" pores, e^jg., greater than about 0.1 micron, 
the transmission rate through a microporous membrane 
is generally directly proportional to the film area 
and the concentration driving force. However, the 
tremsmission rate is affected f^r less by the 
thickness of the film than it is in monolithic films, 
On the other hand , the porosity of a microporous 
memJDrane is a major determinant of the permeability 
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rat:e* A microporous membrane made from polyetiiylene , 
polycarbonate, poiyvinylchloride or otzher polymers 
and copolymers which are glassy or crystalline at the 
use temperatiire, e,g.^ 37 ^'c, will transport polar 
permeants primarily through its pores. For that type 
of membrane, therefore^ permeability increases and 
strengths decreases with total porosity or void volume 

fraction. : - ,\ ^ -ir 

The application of mi or oporous membranes to the 
concentration^teiven tya of large ^oli^cules , 

such as proteins presentriin a medium; -poses several 
problems. Since only the ^^pores/ of the -me^ aure 
available f pr the ; ma^^ t^^n^fer of large molecules , 
the fractipn.of ;the to'fe:a^l::^area of -the ^membrane 
av^iliable for p^i:;meation is^sldiaited^N This %lows the 
rate . of transf er , pf moleQuJses^^ jacross - the membrane . 
Porous m^onbranes ; which j^/pirk well in pressure-driven 
sep2uration such as ultrafiltration, exhibit much 
lower permeation rates when used in k? : ^ 
concent^'at ion-driven prpqesses in wliich- pressure is 
not or can not be applied to the upstreafii side of the 
membrane^. Usually, highly, porous membranes also lack 
strengliJhL and .present a rough surf ace to blood and 
tissue alike., ^ Fiirthermor e > the pores become easily 
clogged jDy the adsorption dof- a protein or, in 
blood-cpntacting applicatipns. of the miembrane, a 
build-up .of . a thrombus; orw>f ibrin mat.^: A^^ these 
ef fect3^ draunatically reduce, transport rates. A 
reduced tremsport rate is likely to slow the response 
of cells placed on the other side of the membrane and 
may even i>roduce an undesirable out-of-phase/ 
positive-feedback of, e.g., insulin release, at low 
glucose levels, in the case f glucose-sensitive 
insulin- producing cells. As the transport of 
nutrients and other necessary molecules is further 



reduced, the cell viability will become threatened. 
Dense membranes lacking pores, having therefore 
microscopically smooth surfaces, in accordance to 
this invention, reduce or eliminate these problems. 

The careful consideration of the known 
properties of various types of biocompatible 
polymers, and the inventors^ experience with 
urethanes in particular, led to the utilization of 
polyurethanes for the preparation of copolymers that 
are flexible^ strong, biocompatible, non-porous, and 
ine>cpensive and which at the same time have specific 
permeability characteristics. By practicing the 
present invention, the quality, safety and efficacy 
cf the product is assured. The development of the 
present polyurathane was undertaken to ensure the 
attainment ©f desirable strength and elastomer ic 
properties along with high quality, safety and 
efficacy of any films and membranes produced 
therefrom. 

The following paragraphs will mostly refer to a 
copolymer of 4 , 4 ' -dipheny Imethane diisocyanate (MDI) , 
polytetramethylene oxide (PTMO) , and iethylene diamine 
(ED) . The copolymer will serve to exemplify the 
invention which is not limited to it. The chemical 
structure often us©d to represent a polyurethaneurea 
obtained by a reaction of MDI, PTMO, and ED, a 
copolymer, of this invention, is structiire (2) in 
Table 5 below. However , the information provided 
herein by means V of example is applicable in general 
to all copolymers in accordance to this invention. 
This, therefore;:^ applies to hard segments other than 
the ones exemplified. - 
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Table 5 ; Structiire of Four Exemplary Polyurethanes 
of Increasing Hydrophilici-ty 



OH H 0 H 



2^ 



SI-O.-SI-fCHf 



PSX 



(1) 



10 M 



H O H h1 



(2) 
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H Tr 0 H 
I I HI 



HO reo -1 



fj H MO rmo 

L_ _ £J 

OH HOfH HOH HO 



H 

I 



(3) 



0 H HO OH 

. PEO 



HOH hI 
III f 
-N-C-M-CHj-CHj-Nj 



(4) 



PSX^polydimethylslloxane (i.e. silicone) , 

PTMO=polytetrainethyleneoxide 

PEO «« polye'thyleneoxide 



In ^he last: tJiree structures of the series ((2), 
(3), and (4)), the hydrophilicity increases as 
10 concentration of ether oxygens in the soft segment 

increases. Ether oxygens are the preferred 
hydrophilic gr up f r the practic of the present 
inventi n, esp cially the ether oxygens present on 
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the polyethyleneoxide (PEO) and PEO-containing 
copolymers, aultipolymers and blends. 

When PEO homopolymerB are used as the sole soft 
segment, it is particularly preferred to use high 
molecular weight oligomers, preferably above about 
i,000 daltons, and most preferably above 3,000 
daltons, for the reasons already stated. PEO ether 
oxygens readily absorb and hydrogen bond with water, 
without giving rise to a permanent adsorption of the 
permeantis, whicii would bthefwise retard or prevent 
permeation through the membranes of the present 
invention. On the other hand, it is possible to 
utilize other hydrophilic groups in the soft-segment 
for practicing of the present invention , including 
hydroxyl , carboxyl ahd/dr Bthiir ionic groups alone , 
or in various combinations fi to achieve a desired 
water absortivity. ; : : ' - 

The copolymers of the invention may be prepared 
by one-step, two-step or thr6^-step' synthetic 
methods depending on the compiexity of the chemical 
structure desired. Examples of polymers prepared by 
all three methods are provided below. The one-step 
method is exemplified in Table 6 below. 
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Table 6 ; Polymer Obtained From a MDI/BD/PEO One -Step 
Synthesis 



HO(CH2)4O^OCHN-^CHrQ-NHC0 +0- CH^-CH^O 



] 



■0CHNH^CHr^-MHC0|-0-(CH2>r0-^ 



wherein . - 

A is cdDOut 4 to 23000,, preferably about 4 to 

180; . 

X is about 1 to. 25 , preferably about 1 to 15 
Y is about 1 to 20, preferably about 1 to 10 
Z is about 1 to 20, preferably about 1 to 10 

and 

the end groups may vary. 



In the one step synthesis, all the reactants 
are added to the reaction chamber at the same time. 
15 In the example cited above, the end groups on the 

polymer may vairy depending upon which polyol reacts 
with the isocyanate e.g., (MDI) and the exact 
stoichiqraetry of the reaction mixture. The end group 
could be butanediol (-OH), polyethylene oxide (-OH) , 
20 or isocyanate (-NCO) residues. 

The two-step method is exemplified in Table 7 
below . 



5 



10 
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Table 7: A MDI/ED/DBA/PEO/PPO-PEO Polymer Prepared 
by Two-step Synthesis 



|o-aM:H,fo-CH^^O-CK-CH,^ 

CHi CHi CH, ^ 



10 



wherein 

A is about 1 to 23000, preferably about 4 to 

180; 

B is about 4 to 400, preferably about 4 to 200; 

C is about 1 to 100, preferably about 4 to 75; 

W is about 1 to 25, preferably about 1 to 15, 

X is about 1 to 25, preferably about 1 to 15, 

y is about 1 to 20, preferably about 1 to 10. 

and 

Z.is about 1 to 20, preferably sd^out 1 to 10 



15 



The PPO-PEO polyol may be either a block or random 
copolymer. 



The three- step method is exemplified in Table 8 



below. 
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Table 8 ; A TDl/PEO/MDI /ED/DBA Polymer Prepared by 
Three- Step Synthesis 

Prepolymer step. 
CH, 

l^^pNHCO ^ — CHj)-OH 

. HO-|>CI^ — CH^— o)-iC>CHN 



Polymer formation 
-ICH,(Ciyj/l|^OCI«-Q-CH,-^H«CO-o4cH, -CH,-0]k0CHM 



[ 



wherein 

A is about 4 to 23000, preferably about 4 to 

180; 

X is about 1 to 25, preferably about 4 to 15; 
10 Y is about 1 to 25, preferably about 4 to 15; 

and 

2 is about 1 to 20, preferably about 4 to 10. 



BNSOOCiD - WO t.V?l«OAl I > 



SUBSTITUTE SHEET 



wo 93/22360 PCT/US93/03851 



-43/1- 

As already indicated^ the synthetic pathways of 
these methods will be generally discussed by 
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reference to the particular examples provided* 
However, an artisan would know how to extend the 
knowledge acquired herein to the synthesis of other 
copolymers in accordance with this invention. The 
5 exemplified prepolymer, for example, may be made 

using a combination of different polyols or 
polyamines or mixttires thereof. 

By means of example, in a two-stage reaction, 
the DBA, PTMO and the MDI may be first reacted to 

10 form an isocyanate-terminated prepolymer. Preferred 

conditions for this step are as follows* The 
prepolymer may then be chain extended with ethylene 
diamine (ED) at low temperatures, such as about 0 to 
70 *C, and preferably about 5 to 10 to give a 

15 high molecular weight, segmented polymer. In a 

typical solution polymerization, e.g., using 
urethane-grade reactants and reagent grade solvents, 
enough water may be present as an impxirity to consume 
a significant portion of the isocyanate groups 

20 present. This reaction will generate carbon dioxide 

and a urea group, that will couple two MDI residues 
with no methylene groups there between. These 
structures will be present in proportion to the 
amount of water present in the reactants and solvent. 

25 The hard segments produced in each reaction may be 

expected to contribute differently to the properties 
of the polymer, e.g., by changing the degree of phase 
separation from the soft segment. Many other 
reactions, such as side reactions, further complicate 

30 the structure of the polymer of the invention, thus 

making any simple representation of the copolymer 
approximate. The side reactions may create 
difficulties for any prediction of structure vs. 
prop rty relationships as well as increase the 

35 likelihood of batch- to -batch variations in the 
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characteristics of the copolymer of the invention. 
The use of pure, dry reactants and anhydrous reaction 
conditions, and the use of chain-terminating reagents 
aids in the control of the overall polymer inolecular 
weight minimizes side reactions and gives polymer 
structiures more closely approximating the ideal or 
theoretical structure. 

In the development of the polyurethane 
copolymers of the invention, the elastomers are 
designed to have excellent: .physical /characteristics, 
such as toughness and elongation. In additxon, the 
copolymers of this invention are desig^ family 
of materials with a broa<i range of modulus and 
hardness that may be tail^^^ 

applications • Although tailoring of permeaj>ility 
properties of the copplymer of ti^ invention is 
often of primary import anqe the istructural 

constraints of the rec^ired permesO^^i^^ is also 

possible to tailor physical properties as well. In 
most cases the polymers of tiie present will 
have the desired protein and/qr macromplecular 
permeability and also possess excellent physical 
properties as well. The fact that excellent 
physical properties can be obtained is of particular 
importance in maintaining barrier properties of the 
membranes, i.e., exclusion of . unyanted cells and high 
molecular weight permeants . A high levels of 
toughness when compared to certain gels and 
hydrocolloids permits the copolymers of the present 
invention to be fabricate^ into many useful shapes 
while still maintaining physical integrity of the 
membrane. Of particular importance is the ability to 
fabricate very thin, unsupported membranes, often 
less than 30 /xM in thickness. The importance of 
thickness in determining necessary permeation rate 
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has been described above. Some typical physical 
properties of membranes of the present invention are 
listed in Table 9 below* 

Table 9: Characteristics of Copolymers of Invention 
(Measured Dry) 





Characteristic 


Value 


10 


Tensile Strength 
Elongation at Braak 
Initial Modulus 


^ »350 psi 
^ SS300 % 

»75 to 20,000 psi 



Because of an interest in preparing 
polyiirethanes of differ^^rit moduli, the relationship 

15 between modulus arid total hard segment content is 

sometimes important. For the polyurethanes of the 
present invention, the hard segment content is 
defined herein as the weight of diisocyanate plus 
chain extender, and hydrophobic chain terminator, if 

20 present, divided by total polymer weight, A linear 

proportion is found between initial, i.e., measured 
at less than 10% strain, modulus and hard segment 
over a range of about 9 to 30% hard segment content. 
Linear, not crosslinked, elastomers of about 9% hard 

25 segment and below have properties similar to 

unvulcanized rubber and are, therefore, not of 
particular interest for the present use as 
unsupported films or membrames. They may be used, 
however, as coatings or impregnations on porous 

30 reinforcing substrates. 

At high elongations, the pure soft segment may 
undergo reversible crystallization, giving an 
increased modulus arid a somewhat reduced ultimate 
longation. The thus resulting polymer also 
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possesses excellent strength and certain other 
desirable properties. 

Table IPs Copolymer Characteristics 



10 



15 



Characteristics 



Tensile strength 



Elongation at Break 



Hater Absorption -t- 
Hydrophilic Soft Ssgiaeat 



or more preferably: 

Hater eUssorption only 



Range 



20 



> about 350 and up to about 

lO^rOOO psi 

> about 300% and up to about 

1,500% 

> about 100% and up to 

> about 2^000^ dxy wt 

> about 50% and up to about 

95% t^et weight 



100 % and up to 

>about 2,000 % dry wt about 

> about 50% and up to about 
95% wet weight 



25 



30 



The diisocyanate and all reactants which 
contribute an active hydrogen, i.e., polyols, 
diainine, amines, may be added in a proportion of 
about 0.9 to 1.2 and more preferably about 0.95 to 
1»1. The reactants may be : added to a solvent of the 
following characteristics. : 

Suitable solvents are organic solvents that 
partially or completely stabilize or suspend the 
various reagents utilized in the preparation of the 
polymer. Preferred solvents are generally polar 
liqxiids and may include, but are not limited to, 
dimethylac tamide, dimethylformamide, 
dimethylsulf oxide , 2 -roathyoxyethanol ^ 
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n-methylpyrrolidone, pyridine, and tetrahydrof ur an . 
Combinations of these solvents may also be used. 

The solution of diisocyanate and polyalkylene 
oxide in a solvent is preferably about 40 to 85 %rt% 
solids, more preferably about 50 to 80 vt% solids, 
and still more preferably about 75 vt% solids. 
However, it may be varied within a broader range. 

The polyalkylene oxide reagent typically has a 
molecular weight of about 200 to 9,000, although 
other ones may be utilized. 

The diisocyanate may be an aromatic or an 
aliphatic polyisocyanate. The diisocyanates may be 
selected from the group consisting of alkyl 
diisocyanates, arylalkyl diisocyanates, 
cycloalkylalkyl diisocyanates, alkylaryl 
diisocyanates, cycloalkyl diisocyanates, aryl 
diisocyanates, and cycloalkyl aryl diisocyanates, 
which may be further substituted with oxygen, and 
mixtures thereof. However, others are also suitable. 

The reaction may be conducted at a temperature 
of about 50 to 130 ®C, and more preferably about 55 
to 60 for aromatic isocyanates and about 100 to 
110 **C for aliphatic isocyanates, and a pressure of 
about 0.1 to 100 atm, and more preferably about 0.1 
to 10 atm. Preferred are atmospheric pressure and an 
atmosphere free of .moisture and oxygen. 

The reaction will. in general go to completion in 
about 3 hours, and it may be conducted with 
agitation. 

The thus obtained polymer or prepolymer will, in 
general, have a molecular weight of about 300 to 
1,000,000, and more preferably, about 5,000 to 
60,000. 

The reagents and solvents should pref rably be 
of high pvirity if the best results are desired. 



However, other grade reagente and solvents may also 
be utilized. 

Xn general, as indicated above, the synthesis of 
polyurethanes is affeicted by moisture. Accordingly, 
all equipment utilized for synthesizing the 
copolymers of the invention should be thoroughly 
dried before use. " All steps of the preparation thus 
should , in general , be maintained stibstantially 
water-free- Caution, iii addition, should be exercised 
not to expose cmy reict^arits or ^olvent^ to 
atmiospheric moisture. 'Moreover, some ibf the 
substances utilized fot' the synthesis of tii 
copolymers of the inventi6n;^^^W as diittiiBriyi methane 
diisocyanate (MDI) , are highly toxic. ACIibrdingly, 
the use of a respirator and -g^^^ 

mechanical ventilatioh is r^ handling 
them. Coxnbustible sblventis, ^uch as 

dimethylformamide, which ate sultiable f or use herein, 
are absorbed through the skin. Acdordingly, any 
vapor breathing and skin contact with tJie^e compounds 
must be avoided. 

One general procedure for preparing the 
copolymer of the invention is as follows. The 
polyols mky be blended together under ess€lnt:ially 
anhydrous conditibris, preferably undeir vate^^ and a 
nitrogen atmosphere at a temperature of about lOO-llo 
**C until their water content i^, e.g. , less or equal 
to about 250 ppm. This valiii^ is usually a^ in 
about 1 to 1.5 hoiirs. A clean, dry hitirogen-piirged 
reactor may then be filled with the dry polyol blend. 
A polyol or polyamine, ^uch as dibutyl amine may then 
be accurately weighed and added to the reactor, and a 
solvent, such as dimethylformamide (DMF) , may be 
added to a concentration of about 40 to 85% solids, 
and more preferably about 75% solids to form a 
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pre-polymer, and the mixture may then be stirred, 
e.g., at about 30 to 40 rpm. A diisocyanate, such as 
4 , 4 * -diphenylmethane diisocyanate (MDI) , may be added 
at this point. The content of the reactor may then 
be heated to about 60 with a variation of about 2 
•c. The reaction is then allowed to continue for, 
generally, about 3 hours at this temperature, noting 
the temperature at regular intervals throughout. At 
the end of the 3 hours, the reaction is stopped by 
cooling, e.g., in an ice bath. The temperatiire of 
the solution at this point should be about 15 "^C with 
a margin of 2 **C for starting the chain extension 
reaction. The thus obtained pre-polymar may be 
diluted to about 2^% in an organic solvent, such as 
DMF, with a margin of error of about 2%;. Samples may 
be removed from the .reactor at different times for 
titration to determine the amount of isocyanate in 
order to assess readiness for ethylene diamine 
addition according to the following protocol. The 
figures provided are exemplary, but similar 
calculations may be conducted for different volumes 
and ampiints of substrate to be titrated. 

The percent of solids of the prepolymer in the 
reaction vessel is calculated from the recorded 
additions. A deriyatizing solution may be prepared 
by adding 7.5 grams, of dibutylamine to a dry 250 ml 
yo3.umetric flask and diluting to the mark on the 
flask with the same organic solvent used in the 
synthesis. Three 5 gram (nominal) samples of the 
prepolymer may be accurately weighed, and each placed 
into a separate Erlenmeyer flask with a dry magnetic 
stir baur. 20 ml of the dlerivatizing solution may be 
added to each sauafple using a 20 ml volumetric pipet. 
The flask may then be covered with aluminum foil and 
stirred for 20 minutes at room temperature. 50 ml of 



isopropyl alcohol (IPA) and six drops of bromophenol 
blue indicator may be added. A buret may be filled 
with 1*0 N acpieous HCl. The solution may then be 
stirred and titrated with 1,0 N aqueous HCl. to a 
yellow end point, and the amount of titrant used 
recorded. Two blanks may then be prepared by 
repeating the previously described procedure without 
adding the prepolymer sample to the flask. The 
amoxmt of ethylene diamine (ED) required for chain 
extension may then be calculated by using the 
equations shown below. 

NCO Caatent (moles NCO/gram of so!id$ ^ 2(m\ titrant fcr blank - ml riiram fijr «ample^ 

suBp!e Tvei^t CI»QOO) 

MtAcs of NCO ia Heactor « (NCO Coatcnt) (gran i^nls in r»ctor) 
% ED moles NCO in reactor X 100 

2 (moles Theoretical ED) 

Gxams of ED « (Actual % ED added^fMoles of Theoretical ED'^ f60.1 1 

aoo) 

In addition, the following two steps may be 
performed simultaneously with the titration. 

Chain extension may be attained by adding a 
solution containing about 40 to 60 wt%, and 
preferably about 50 wt%, of the theoretical amount of 
ethylene diamine (ED) in a solvent such as dimethyl 
formamide (DMF) , in a propoirtion of ED:DMF of about 
l:5. The ED solution may be added to the mixture 
over a period of, e.g., about 30-45 minutes. In 
general, about 20 minutes is sufficient to permit 
complete reaction. Half the remaining ED, as 
calculated below, may be added at this point. 

Remaining ED (%) = Titrated ED% • ED% added 

After the addition of the ED, e.g., the reaction 
may go to completion in about 20 minutes. The 
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f 

above-described titration/ calculation may then be 
repeated until the presence of isocyanate is no 
longer detected by titration. If isocyanate is still 
present after all the ED/DMF solution is added and 
5 reacted, the reaction may be aborted and discarded. 

If no isocyanate is detected, the mixture may be 
further stirred for, e^g., about 30 minutes, at about 
15 *c with a variance of about 2 *C. The polymer may 
then be stabilized by the addition of about 0.5% to 

10 5% Tinuvin 328 and 0.5% to 5% Tinuvin 770, and 

preferably 0.5 to 1% of each, based on total solids 
of the polyurethane polymer formed. This may be 
attained with about 25 wt% solution of Tinuvin 328 
and Tinuvin 770 in THF. 

15 Tinuvin 770 is a commercially available product 

comprising bis ( 2,2,6/6 -tetramenthyl - 4 - piper idyl) 
sebacate or bis (2, 2, 6, 6-tetramethyl - 4-piperidinyl) 
decanedioate. Similarly, Tinuvin 328 is one of a 
family of substituted benzotriazoles. Other families 

20 of compounds may also be used in their stead. 

Examples of stabilizers are antioxidants, thermal 
stabilizers and ultraviolet (UV) light absorbers 
include, but are not limited to, hindered amine light 
stabilizers, sterically hindered phenol compounds, 

25 compounds with sterically hindered phenolic hydroxyl 

groups, compounds from the 

hydroxyphenyl-benzotriazole family, and light 
stabilizers of the benzophenone-type. Combinations of 
any or ail of the compounds listed above may also be 
30 used as well as other stabilizers known in the field. 

The reaction mixture may then be further stirred 
for, e.g. , about 3 0 minutes at about 15 "^C with a 
variance of about 2 ^C, and th thus attained 
polyurethane filtered through, e.g., a woven 
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s^ainless steel 10 micron filter into, e.g., clean, 
dry glass containers. 

Of particular importance are the temperatiire 
ranges and the ratio or proportion of the^ reactants 
5 in the different reaction steps. The optimal 

reaction temperature for tlie reaction of aromatic 
diispcyanates with polyols is about 50 to 60 ""C. The 
optimal reaction temperatxire for the reaction of 
aliphatic .diisocyanates' with polyols is about 100 to 

10 110 ®C» The optimal reaction temperature for amine 

terminated reactants is about 6 and 2 This 
reaction temperature applies to chain 
extenders and amines used in the ^^biCt segment. The 
diisocyanate and all reabtaats which cohtr an 

15 active hydrogen J i.e. / paiyols, diamines; amines, may 

be added in a proportion of about - 0 i 9 to 1. 2 and more 
preferably aibout 0.95 to 11 1. -The reactsmts may be 
added to a solvent as described above; 

These reactions are ; typically cohducted at 

20 atmospheric pressure, but it may also be ^^^^^^ 

at other pressiares such as in the range of about 0.1 
to 100 atm. . . ^ 

Although the copolymer of the iii vent ion may be 
prepared in a wide range of molecular weights, for 

25 some applications preferred is a molecular weight of 

about 5,000 to 1, 000, COC, and more preferable aJsout 
6,000 to 60^000. Still another range of preferred 
copolymer molecular weight is about 2 , 000 to 10 , 000, 
ajid more preferable about 3,000 to 6,od0« Some of 

30 these may be used as pre-pclymers capable of further 

reaction during fabrication, whereas higher molecular 
weight homologues sure utilised as the final polymers 
for preparation of the films such as membranes, 
sheets r hollow fiber s. 
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The soft segment used in the preparation of the 
polyurethane of the invention may be a polyfunctional 
aliphatic polyol, or a polyfunctional aliphatic or 
aromatic amine such as are commonly used for the 
preparation of polyurethanes or mixtures thereof. 
The molecular weight of the soft segment is typically 
about 200 to lrOpo,000., and preferably about 400 to 
9,000. 

The aliphatic polyols of the soft segment may be 
f from th^ - girpup:. consisting of linear and 
branched polyalkyle^ie and polyalkenyl oxides, random 
^nd , block, copolymers^ thereof , polycarbonate polyols , 
hy^oxyl-terminated silicones; random and block 
copolymers thereof/: withvpolyalkylene oxides/ linear 
and branched polyaikienyl and polyalkylene polyols, 
and mixtures therepf . : - However > other polyols may 
also be utilized if , the resultant polymer posses the 
required water "absprptivity. ■ 

Exeunples of polyols that are suitable for use in 
the present invention are polyethylene oxides, 
polypropyleneoxides, polytetramethylene oxides, 
random or block polypropylene oxide-polyethylene 
oxide copolymers, various ethyleneoxide-terminated 
polyols , random or block polytetramethylene ^ 
oxide-polyethylene pxide^ copolymers, polycarbonate 
diols ^TiA ;triols, multifunctional hydroxyalkyl - or 
amine - tierminated silicones, random or block 
sil icone-polyethy leneoxide copolymers /polybutadiene 
diols and triols, polyisobutylene diols and triols, 
and mixtures thereof . , : i :i 

The amines, of the sof t^ segment' may be selected 
from the group consisting of amine-terminated 
homologues of the exemplary polyols, including but 
not limited to polyamine-terminated aikylene oxides 
and random and block copolymers thereof. 



polyamine-termlnated silicones, random and block 
copolymers hereof vitih polyalkylene oxides and 
mixtxires ^thereof • 

Examples of the amines that: are suitable for use 
in the present invention are multifunctional 
amine-terminated polytetramethylene oxides, 
multifunctional amine termini^tecl polyethylene oxides, 
rwdom or block multifunctional amine terminated 
polypropylene oxide-polyethylene oxide copolymers, 
random or block multifunctional euninerterminate^ 
polytetramethylene oxide-pqlye'Uiylene,. oxide 
copolymers , multifunctional .amine-terminated 
silicones, random or block aminer-terminated silicon 
polyethylene oxide copolymers and mixtures thereof . 

Suitable polyisocyanates.^ the preparation of 
the hard segment of the. copolymer of the invention 
are aromatic or aliphatic pplyisocyanates. 

The organic diisocyanates may be selected from 
the group consisting of alkyl diisocyanates, 
arylalkyl diisocyanates , cycloalkylalkyl 
diisocyanates, alkylaryl diisocyanates, cycloalkyl 
diisocyanates , aryl diisocyanates , cycloalkylaryl 
diisocyanates, all of which may be further 
substituted with oxygen, and. mixtures thereof. 

Exeunples of polyisocyanates . are 
4,4* -dipheny Imethane diisiocyanate, hexamethylene 
diisocyanate^ dicyclohexylmeS*^ane diisocyanate, 
2 , 4-toluene d iisocyanate , 2 , e^-toluene diisocyanate , 
hexamethylene-x , 6-diisocyanate> 
tetramethylene-l , 4-diisocyanate ^ 
cyclohexane-l,4-diisocyanate 
naphthalene-l,5-diisocyanate, . 
dipheny lmethane-4 c 4 • -diisocyanate, xylylene 
diisocyanate, dicycloh xy lmethane-4, 4 '-diisocyanate, 
1,4-benzene diisocyanate. 
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3 , 3 • -di2netho3cy-4 , 4 • -diphenyl diisocyanate, 
m-phenylene diisocyanate, isophorone diisocyanate, 
polymeUiylene polyphenyl diisocyanate, 
4 , 4 * -biphenylene diisocyanate, 

4-isocyanatocycloheacyl-4«-isocyanatate/ and jaixtures 
thereof. Preferred are diphehylmethane diisocyanate, 
dicyclohexylmethane diisocyanate and mixtiires 
tbefeof • 

Sfiain exte adiar^ of the hard segment used in 
the preparation of the copolymers of the invention 
may be an aliphatic pblyol or an aliphatic or 
ar ^aticjpolyamine Isuch as those known for preparing 
^^olyurfethanes . 

The polyol for the hard segment may be 
preferably selected from the group consisting of 
alkylene, cycloiikyiene and arylene diols, triols, 
tetraalcohols^ arid pent aalcohols, and mixtiires 
•thereof. - 

Examples of polyols suitable for the preparation 
of the hard segment are 1, 4-butanediol, ethylene 
glycol, 1,6-hexanediol, glycerine, 

trimethylblpropane , pentaerythr itol , 1 > 4-cyclohexane 
dimethanol, phenyl diethanolamine, and mixtures 
thereof, among others. However , other polyols are 
also suitable. 

The polyamine of the hard segment may be 
selected from the group consisting of alkyl, 
cycloalkyl and aryl amines which may be further 
substituted with^ N, O, or halogen, complexes thereof 
with alkali metal salts, and miactures thereof. 

Suitable poiyamines for preparing the hard 
segment are p,p*-metliylene dianilin and complexes 
ther of with alkali metal chlorides, bromides, 
iodides, nitrites and nitrates, 

4,4 • ~methylene-bis(2-chloroaniline) , piperazine. 
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2 -metliy Ipiper az ine , oxydiani 1 ine , hydr az ine , 
e^ylenediamine, hexamethylenediamine, 
xylylenedianine, bis (p-aminocyclohexyl) meUiane, 
dimethyl ester of 4,4 *-iiiethylenedianthranilic acid, 
5 p-ptieny lenedieunine , m-pheny lenediamine , 

4,4" -methylene bis (2-methoxyaniline) , 4,4* -methylene 
bis (N-methylaniline) ^ 2 , 4-toluenediamine, 
2,6-toluenediaminef benzidine, dichlorobenzidine, 
3 , 3 • -dimethylbenz idine . 3,3* -dimethoxybenz idine , 
10 diansidine, lp3-propanedipl bis (p-aminobenzoate) , 

isophorone diamine, and mixtures thereof. 

In another embodiment, the hard segment of the 
copolymer may further comprise an ^j^dgroup selected 



from the group consisting of- monofxinctional aliphatic 

15 alcohols, polyols, aliphatic or aromatic amines and 

mixtures thereof. Preferred monofunctional aliphatic 
polyols for the end group are monofunctional 
polyalkylene oxides, siloxanes, and mixtures or 
copolymers thereof. Excunples of aliphatic polyols 

20 are monofunctional polyethylene oxides, 

monofunctional polytetreonethylene oxides ^ 
monofunctional polypropylene oxides, monofunctional 
siloxanes, and mixtures and/ or copolymers thereof. 
However, others are also suitable. 

25 . The monofunctional eu&ines of the end group may 

be selected from the group consisting of 
dialkylamines , amine-functional siloxanes, 
amine-terminated polyalkylene oxides emd mixtures and 
copolymers thereof. 

30 The hard segment of the copolymer of the 

invention may preferably have a molecular weight of 
about 160 to 10,000, and more preferably about 200 to 
2,000. Its components also have preferred molecular 
weights as shown in Table 11 below. 
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Table 11 ; Preferred Molecular Weights for Hard 
Segment Component 

H«Td Sement CotBPoneBt Mart Preferred MW Preferred MW 

Aioeutic Diifioeyaiiatcc 15CV27D 100500 

5 Aliphatic DitsocyBUtes 150-270 100500 

GhaiD Exteoden 60-300 

Although both the hard and soft segments may be 
utilized in a broad range of molecular weights. Table 
12 beiov shows typical useful molecular weight ranges 
10 and preferred molecular weight ranges for some 

exemplary components of thb soft segment. 



15 



20 



25 



30 



Table 12 ; Preferred Molecular Weights for Soft 
Segment Cpjappnents 



Soft Segment Component McKt Preiperred MW 



Poiyietbyienc oxide i6oO-9.6bb 

Polytetnmethytene Qidde 1006-9,000 

Potypropylene oxkSe-polyethylene 1000-5,000 
anks 

Polytetzwncthylcne 10002,000 

oxide-polyethylene 

oxides 

Amine-capped 600-6,000 

poiypiopylene-polyethyieae 

oxides 

Polycubonates 3003,000 

Amine-capped 5002,000 
polytetnmcib34eiic oxides 

Hydfpxyi-Alkyi aiKl amine-capped 20G-5,0Cp 
siliboocs 

Silicooe-polyethyleoe oxides 5005,000 

PoiybulBdieoes 5003,000 

Polyisobutylenes 1,0005,000 



Preferred MW 



2001,000,000 

50050,000 

50050,000 

50050,000 

2001,000,000 

20050,000 
20050,000 

10020,000 

20O1.000/I00 

20050,000 

50010,000 



35 



The content of hard segment of the copolymer is 
typically about 5 to 45 wt%^ the remainder of the 
polymer consisting of soft segment, which may be a 
combination of hydrophilic, hydrophobic and 
amphipathic oligomers. 
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In one preferred embodiment, the copolymer 
comprises about 9 to 30 wt% of the hard segment, and 
more preferably 10 to 28 wt% thereof. Similarly, a 
typical content of the soft segment is about 91 to 70 
wt%, and more preferably about 90 to 72 vt%. 
However, other proportions of hard and soft segments 
are also suitable for practicing this invention* 

A polymer made from this composition will have 
the properties described in Table 12 below. 

Table 13 1 Charr^cteristics of Film of the Invention 



Range 



> ri^out ?50 ££d up to iibout 10,000 pei 

> tbwjt 300 9& Bud up tc obaat 1430% 

> Rbotil 105% and ep to about 2,000% diy wi 

> about 50% and up to about 95% wet wt 

> about 100% and up to about 2000% diy weight 

> about 50% aad up about 35% wi wi 

about 5 to 100 snisaoas 
about 1 tc 100 microns 



This invention also provides a non-porous, 
semi-permeable, biocompatible fi3.m that comprises the 
block copolymer of the invention o In a preferred 
embodiment, the film is formed from the copolymer of 
this invention. In another preferred embodiment the 
film is coated onto a support. In still another 
preferred embodiment, the film is an integrated part 
of the sxibstrate and is made of the same or similar 
polymer. 

In particularly preferred embodiments, the 
nbn^porous film of the invention is provided in the 
form f a flexible sheet and a hollow membrane or 



caiaracteristics 



T«i»fle stnagth 

Eloagatkm at Bseak 

Water AbeotptkML HydropftUir- 
Soft Segment 

or more prefenbly 

Water abcoxptioo only 

Tliickness (wben uosuppoited) 

Thickness Cwben supported or 
reinforced) 
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fiber. Typically, the flexible sheet may be prepared 
as a long reliable sheet of about 10 to 15 inches 
width and 1 to 6 feet length • However, other 
dimensions may also be selected. Of particular 
5 importance is the thickness of the sheet which may be 

about 5 to 100 microns, and more preferably about 19 
to 25 microns when it is to be used without support 
or reinforcement. 

The flexible sheet is prepared from the block 

10 copolymer of the invention by methods known in the 

art, typically, by ep^sting, and iaore preferably by 
casting on a web or^*xelease liner. As already 
indicated, the composition may be coated as a film 
onto a substrate Where permanently supported on a 

15 reinforcing web , e^^g^^ , -ca fabric, the film or membrane 

may be thinner, e..g4>>^ as thin as about 1 micron, 
whereas when used Unsupported the thickness may only 
be as low as about 5 to 10 microns* 

When membranes are fabricated from the polymer 

20 of the invention by knife-over-roll casting onto a 

release paper, web or liner in the form of dry films, 
they may have an about 1 to 100 micron nominal 
thicknesses on a continuous coating line. A 
^ 20-foot-long continuous web coater may be utilized 

25 having, e.g., a maximum web width of 15 inches 

equipped with two f oirced-air ovens. In one 
particular embodiment, the coater may be modified for 
clean operation by "fitting the air inlet ducts with 
High Efficiency Paritiiculate Air (HEPA) filters. A 

30 nitrogen-purged coiater box may be used to hold and 

dispense filtered polymer solutions or reactive 
prepolymer liquids. However, other set-ups are also 
suitabl • 

All but trace amounts of a casting solvent, 
35 e.g., dimenthylf ormamid may be removed by coater *s 
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hot air ovens fitted with HEPA filters* After 
membrane casting, membrane and sxibstrate may be 
fxirther dried to reduce residual solvent content to 
less than about 100 ppm, as determined by liquid 
chromatography. The thickness of the fully-dried 
cast films may be measured by, e,g«, using a spring 
micrometer sensitive to O^OQOl inch (2.5 /iM) or 
visualJy by using a microscope « 

The membrane of this invention may have any 
shape resulting from a process utilizing a liquid 
which is stibseguently converted tc a solid during or 
after fabrication, ecg«, solutions, dispersions, 100% 
solids prepolymer liquifis, polymer melts, etc. 
Converted shapes may also be further modified using 
methods such as die cutting, hecit sealing, solvent or 
adhesive bonding or any of a variety of other 
commonly-used fabrication; methods. For example, when 
in the form of a hollow ttibc*,. the membrane is 
generally prepared with a diameter of about 0.5 to 10 
mm , and more preferably about 1 to 3 lam, and a 
thickness of about 1 to 100 microns, and more 
preferably about 19 to 25 microns « The hollow 
membrane may easily be prepared in long reliable 
form^^ and be cut to a length of about 0.75 to 31 
inches, and more preferably about 0.5 to 6 inches. 

Hollow fibers may be fabricated from the polymer 
solutions by dipping clean, dry, mandrels^ e.g.* a 1 
mm diameter stainless steel mandrel into the polymer 
solution. The mandrel may be suspended in a baffled 
chamber maintained at above normal room temperature, 
e.g., about 27 to 50 *c, in a Class 1,000 Cleaiuroom. 
The mandrel may be attached to a motor driven cable 
and dipped into the p lymer solution and withdrawn at 
an ven speed and the solvent may be all wed to 
evaporate. The mandrel may then be inverted, hiing 



and dipped again. This procedure may be repealed, 
e.g., tiiree times, to yield a tvibe with a single wall 
thickness of, e.g., 19 microns. Multiple dippings 
may be performed to reduce the chances of pinholes 
occurring in the polymer hollow fibers. The mandrels 
may then be left in the heated chamber for at least 
16 hours to allow the solvent to evaporate. To aid 
in the removal of the hollow fibers from the mandrel, 
the coated mandrel may -be soaked in distilled water 
for, v^.g. ,r one hour / The. removal of any remaining 
residual : solvent :may . be achieyed^ water extracting 
the, hollow ;f ibers .in distilled water for > e.g., 24 
hours. The hollow .fibers may ^^t^ flushed three 

time&. with rdistlLled water tandupackaged: in distilled 
waterv in dean-glass tubes.: = Prior to filling the 
hallow fibers they :may be leak-tested. One end of 
the hollow fiber ^;may: be heat-sealed, the fiber filled 
with ,dij5ti-l led water and . the remaining end 
heat-seated. : The f illied hollow fiber may then be 
pressu^rized and the tube examined for water leakage 
under pressure. • ; 

The fabrication methods just described employ 
liquid sQlutions or reactive liquid prepolymers of 
the membrane polymers. ;:;In. thercase tof essentially 
linear polymers of the present invention , 
thermoplastic fabrication methods may also be 
employed. . Membrane polymers made by the bulk or 
solvent-free polymerization method described above 
may be cast into> e.g. ^ a teflon-lined; pan during the 
polymerization reaction. As the reaction/proceeds 
and the polymerizing liquid becomes a rubbery solid, 
the pan may be postcured in an . oven at , e.g., 100 - 
120 **C for about 1 hour. Upon cooling, the rubbery 
mass may be chopped into pellets and dried in a 
dehumidifying hopper dryer for, e.g. , about 16 hours. 



The dry pellets may then be compression molded, e.g., 
at about 175 "^C to form a flat membrane which, when 
cool, will leave a thickness of about 50 /xM. 
Extrusion, injection molding, calendering and other 
conversion methods that are well-knovn in the art may 
also be used to form membranes , films and coatings of 
the polymers of the, present invention, including 
hollow yfibers. . 

As, already indicated above ^ the non-porous film 
of the (invention is substantially peofmeable to 
molecules of molecular ^weight of up to about 6,000 to 
600^000, and more preferably of up to aibotit 6,000 to 
60 , OOO, and is substantially impeirmeabie to molecules 
of molecular weight greater than about ^,000 to 
600,00p daltons, and mere preferabiy giri^ate^ than 
about 100,000. The utility of a specif ic membrane is 
based on its ability to allow the permeation of 
desired permeants while preventing the permeation of 
other permeants, including all condensed phases of 
matter. It is within the scope of "bhe p3:'esent 
invention to provide membranes with permeability to 
peirmeants of up to about 600,000 daltohs and higher, 
while simultaneously excluding permeants of higher 
molecular weight and/ or lower solubility. To control 
the permeability jbate i and/ or MW c on 
permean-t solubility in the water-^swbllen membrane 
polymer, . the; soft segment composition, content and 
molecular weight may be vsLified during polymer 
synthesis. n:--,- 

Commercially-available polyether oligomer, for 
exeimple, may be obtained in molecular weights ranging 
from a few hiindred to a few th usand. To achieve 
molecular weight cut ffs higher than those obtainable 
with commercially-available soft segment oligomers, 
available soft segment oligomers may be coupled 



together prior to the synthetic reaction to obtain 
the final nembrane polymer. 

In polyurethane synthe sis, a so-called 
three^^ep reaction may be employed, in which the 
first step involves covalently bonding two or more 
oligomers together, while optionally retaining the 
oligomer's original endr^groups by appropriate control 
of^t he stoichiometry of the coupling react ion. For 
example, three moles of hydroxy 1-termina ted polyether 
oligomer might be reacted with two moles of a 
diisocyanate optionally chosen to be different from 
the isocyanate used:^in the hard segment of the final 
polymer e Using^a d ijfferent diisoeYanate to couple 
soft segment pligomer;S; minimises the association of 
the coupling segmefitrrwith. segment of the 

polymer, which ^s de^ireable for maximum 
permeability, t Fori instance, if the original polyol 
molecular weight were ^bout 2,000, the coupled 
oligomer would have an average molecular weight of 
about 6,000 plus the molecular weight of the two 
diisocyanates used in the urethane-f orming coupling 
reaction. When this coupled oligomer is subsec[uently 
reacted to form the final membrane polymer, the 
maximum end-to-end distgmce between hard segments is 
increased more than three times, relative to the 
original 2, 000 molecular, weight oligomer before 
qpupling. When an organic diisocyanate is used to 
couple soft segments, and that diisocyante is chosen 
to be different from the diisocyanate used in the 
hard segment, the coupling diisocyanate is considered 
to be part of the soft segment. 

Preferred are low hard segment lengths of 
molecular weights, e.g., about 160 to 1>000, and a 
proportion of hard to soft segment of about 1 to 11, 
and more preferably about 1 to 6. 
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The above disclosure sets forth a nxunber of. 
embodiments of the present invention. Other 
arrangements or embodiments, not necessarily set 
fojTth in detail herein, may be practiced xmder the 
5 general teachings of the present invention, and as 

set forth in the following examples, which are not 
intended to be limiting in nature. 

Tgyampi 1 ? One Step Synthesis 

iO 64 grams of a polyethylene oxide, molecular 

weight about 3,350, were mixed with 8 g butanediol in 
a disposable beaker at 60*'C. To this were added, 
with vigorous stirring, 28 g diphenylmethane 
diisocyanate (HDX) . When all reactants were 

15 homogeneous a drop of catalyst, staimous octoate or 

dibutyltin dilaurate, was added. The mixture was 
poiared into a pan and postcured for 45 to 60 minutes 
in a lOO^C oven. This reaction may also be performed 
in an extruder to yield a product in pellet ized form. 

20 The results are siammarized in Table 14 below. 
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Table 14: Hydrophilic Uret:hane: One-Step Syntiiesis 
With Stoichiometric Imbalance For MW 
Control 



Hydrophilic PU 


solid OOlVTB&T' 

(wt%) 


rnr\ 1 ^ 

equivalents 


MDI 


28.00 


0.2238 


Bucanea lo x 


8 .00 


0.1776 


Carbowax 3350 


64.00 


0.0382 


Total 


c:r 100.00 




% HS ■ 


36.00 




% SS 


. 64 .00 




Mcle NCO 




0i2238 


Mole Active H 




6.2158 


Ratio NCO:H 




1.04 



Example 2 ; Two-Step Synthesis 

72.15g of a blend of 15 wt% polyethylene oxide, 
molecular weight about 1,450, and 85 wt% 
polypropylene oxide-polyethylene oxide copolymer, 
molecular weight about 2,000, were blended with 1.25g 
dibutylamine at 50*^0 in a glass reaction vessel. 
This blend was dissolved in 80. Og dimethylf ormamide 
and 24. Og diphenylmethane diisocyanate were then 
added with vigorous stirring. The reaction was 
continued for about 3 hours at 50*'±5*c. The thus 
obtained product was dissolved in 22 Og of 
dimethylf ormamide, and the resulting solution cooled 
to lO^C in an ice bath. 2.6g ethylenediamine 
dissolved in lOOg of dimethylf ormamide were added to 
the cold solution with vigorous stirring, and the 
stirring was continued for about 3 0 minutes. The 
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polyiirethaneurea solution was then removed from the 
reaction vessel and filtered through an 8-9 micron 
stainless steel filter. The results obtained from 
three separate experiments are summarized in Tables 
15, 16, and 17 below. 



10 



15 



20 




Table 15; Hydrophilic Urethane Preparation: Two-Step 
Synthes is^konof uiictionaJ,_i^^^ 
PEO—End^Group Pp}f^KW^"Control . 



Hydrophilic PU 



solid polymer mole 

(vrt%} equivalents 
' (lOOg ba-tch) 



MDI 24.14 

' PP 2.85 

ro Witco EPD-56 /9(fi^ lliso 

g„,?o Carbowax 1450 7V^^^-. . 61.51 

r ■ • ^ , 

Total ' 100 

% HS / 26.99 

% SS 73.01 

Mole NCO 

Mole Active H 

Ratio NCO:H 



0.192 
0^0948 

^Toii7 

.Q^8« 




V I ^ 



0.1929 
0.1930 
0.9998 



V\ '^N^, 



r\3 



3,1 



^7 V ^.^t-- 
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Table 16 r Hydrophilic Urethane Preparation: Two-Step 
Syntihesis 



Hydrophilic PU 



solid polymer 
(wt%) 



mole 
equivalents 
(lOOg batch) 



10 



15 



MDI 
ED 

Witco EPD-56 
BASF ER1250/25 
Carbowax 1450 
Jef feunine H-2070 

%.'hs 
% ss 

Mole NCO 
Hole Active H 
Ratio NCO:H 



18.90 
1.35 
10.00 
14.75 
51.30 
3.70 
23.95 
76.05 



0.1510 
0.0449 
0.0101 
0.0227 
0.0721 
O.O019 



0.1510 
0.1517 
0.9958 
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Tabl? 17; Kydrophilic Uret:hane Prepeiration: 

Two-step Synthesis With Dialkylamine 
End Group for HW Control 



5 



10 



Hyorophxlic pu 


solid polymer 
(wt%) 


. mole 
equivalents 
(lOOg batch) 


MDI 


24.00 


0.1918 


ISO 


2.60 


0.0865 


Witco EPD-56 


10.95 


0*0111 


Carbowax 1450 


61.20 


0.0860 


Dibutylamine 


1.25 


0.0097 


% HS 


27.85 




% SS 


72.15 




Mole NCO 




0.1918 


Mole Active H 




0.1933 


Ratio NCO:H 




0.9922 



Example 3 : Three-Step Synthesis 

69.89g polyethylene oxide, molecular weight 
about 1,450^ were reacted for 3-4 hotirs with e.lSg 
dicyclohexylmethane diisocyanate at 100 ""c. in a glass 
reaction vessel. The product was cooled to 50**C and 
80g dimethylformamide and lo24g dibutylamine were 
added. 18.47g diphenylmethane diisocyanate were 
added to this with vigorous stirring, and the 
reaction continued for 3 hours at SO^'+S^'c, with 
stirring. The thus obtained product was dissolved in 
22 Og dimethylformamide, and the resulting solution 
cooled to lO'c in an ice bath. 3.21g ethylenediamine 
dissolved in lOOg of dimethylf rmamide was add d to 
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the cold solution, with vigorous stirring, and the 
stirring continued for 30 minutes. The 
polyurethaneurea solution was then removed from the 
reaction vessel and filtered through an 8-9 micron 
stainless steel filter. The results are shown in 
Table 18 below. 



Table 18; Hydrophilic Urethane Preparation: 
Three-step Synthesis 



10 



15 



20 



25 



Hydrophilic PU 



solid polymer 
(wt%) 



Prepolymer Step 

HMDI 10.76 

Carbowax 1450 89.24 

Polymer Formation 

MDI 18.47 

ED 3.21 

1st step prepolymer 77.08 

Dibutylamine 1.24 

Total 100 

% HS 22.92 

% SS * 77.08 

Mole NCO 

Mole Active H 

Ratio NCO:H 



mole 
equivalents 
(lOOg batch) 



0.0763 
0.1117 

0.1476 
0.1068 
0.0312 
0.0096 



0.1476 
0.1486 
0.9931 



Example 4 ; 



Two-step Polymer Synthesis 
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Thc pxirity^ molecular weight and water content 
of the starting materials were determined by 
"titrm"tion. The polyiirethanes were synthesized in 
glass batch reactors with glass-distilled solvents 
5 using a two-step prepolymer/chain extension method as 

described in Example 2. 

The film 'forming polymer used was a 
polyureth2uieizrea with a dipheny Imethanediisocyanate/ 
ethylene diamine hard segment and a hydrophobic and 

10 hydrophilic mixed polyalkyleneoxides soft segment. A 

series of five elastomers with nominal hydrophilic 
contents of 0 , i o > 2 3 G ; A 0 and 5 0 wt% were 
synthesiz^ed by the two t^t:^ ; prepolymer /chain 
extension method described in Example 2 in 

15 dimethylformamide (DMF) solvent. The optimum 

molecular weight of each pbXyol- was determined to be 
about 1,400 and 2/000 and then rfix^ the whole 

series of polymers, subject to atvaiiability from 
commercial suppliers. Infrared spedtrophbtometry 

20 and/ or titration were used to mohitdr th 

disappearance of isbcyanate to assiire the completion 
of the refaction. The content of the hard segment was 
held constant at about 20 wt% for a series of 
polymers i:^^ ^T^^ easting solution of each 

25 polymer was filtered through a 10 micron 316 woven 

stainless steel f ilter ^eihd butgassed under mild 
vacuumiprior to film casting. 

ExamEle_5^: Preparation of Membranes by Knife Over 
Roir -Casting i - ' 

Membranes were fabricated from the polymers of 
the-above exampl s by knife- ver-roll casting onto a 
release paper, web or liner in the form of dry films 
of 1 to 100 micron— nominal thicknesses n a coating 
line. A 20-foot-long continuous web coater was 



30 
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u^llized, tiiat: had a maximum web width of 15 inches 
and was ecjuipped with two forced-air ovens. A 
nitrogen-purged coater box was used to hold and 
dispense filtered polyurethane solutions. 

All but trace amounts of a casting solvent, 
such as dimenthylf ormamide, were removed by the 
coater *s hot air ovens which were fitted with HEPA 
filtezrs. After membrane casting, membrane and 
substrate were further dried to reduce residual 
solvent content to about 100 ppm, as determined by 
liquid chromatography c The thickness of i the 
fully^dried cast films were measured using either a 
spring micrometer sensitive to 2.5 microns or 
visually using a micrpsfcope. 

Example 6; Selective Permeation of Glucose 

A 1 wt% glucose solution was prepared in 
phosphate buffered saline (PBS) . In the glucose 
experiments for all of the polymer films, eight 
permeation chambers with similar meiabranes were used. 

The experiment was repeated utilizing membranes of 
increasing hydrophilicity, between 0% and 85%. As 
the hydrophilicity is increased, the permeability of 
the membrane increases while the permeation time 
(decreases. The glucose concentration on the 
downstreaoQ side of each cheunber was determined using 
a quantitative glucose oxidase enzymatic assay. The 
test sample was added to a mixture containing glucose 
oxidase, peroxidase and o-dianisidine. The reaction 
was allowed to proceed to completion, for 
approximately 45 minutes at 23 ^C. The final color 
intensity was measured at 450 nm on a Milton Roy 
Visibl Spectrophotometer, Mod 1 Spectronic 20D, and 
found to be proportional to the glucose 
concentration. A calibration curve was generated by 



plo'tting tihe glucose concentea-tions from O ^o 3000 
A^g/ml (O ^o 3 mg/ml) vs. the absorbeoice at 450 ran. 
The data were analyzed using linecur regression to 
generate the line with the best fit. This 
correlation was used to calculate the glucose 
concentration in the xihknbwn sampleis. 

A model vas developed using Katheidatica* to 
calculate the permeability doef^icient/ p, for each 
cell. The permeabilities Were then averaged. The % 
equilibriian for each ceil^ calculated^. ' Figxire 1 
of this patent ^ cohtains^^ th^se data f or me^ranes of 
increasing hydrbphilicitVP The cxirVes of Figure 1 
vera generated using the^ two 
chambers for each point.'''" ^ firkt sfeveJn polymers in 
this series fi.e. , O lib *Vdrdphllici^^ inclusive) 
comprised a- nominal- sbf t' seigm weight of 

1^700 daltohs . The pblyider Ss^^ hydrophilicity 
had an 8,000 dalton sof t' s^gn^ent weight and 

a glucose permeability of 29 /boo. After correcting 
for its higher hydrophilicity us iiig a" linear 
extrapolation, its glucose piBrmeabiiity is 240% 
higher- than the homologous polymer with a nominal 
1,750 soft segment molecular weight. This 
demonstrates the ability to increase permeability by 
increasing sbft segment 'molecular weight of the 
polymers of the presisnt invert^^ Using the 

mathematical model developed, a best fit regression 
ciirve was generated. The p calculated from the 
regression analysis is reported herein. Thus, the 
fast permeability of the membranes for the glucose 
molecule was demonstrated to be increased at 
increasing degrees of hydrophilicity. 



Example 7; Tensile Pr perties f the Membranes of 
the Invention 
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The mechanical properties in tension of the 
polymers prepared in Exeunple 4 were determined 
according to ASTM procedure D1708. A Lloyd Universal 
Testing Machine, Model SOON, and a 112 pound load 
5 cell was used to evaluate the polymers. The initial 

modulus, tensile strength at breaOc, and the ultimate 
elongation were calculated for water-^extracted, 
solvent-cast films« The films were equilibrated at 
23 *C and 50 % relative humidity for 24 hours prior 

10 to testing, Microdogbone samples of both dry and 

hydrated films were used to determine the tensile 
properties at 23 ^'c for each polyurethaneurea. The 
hydrated samples were prepared by placing the films 
in water for 24 hOTors, die cutting the samples and 

15 retxirning them to the water. Die cutting the samples 

after they were hydrated insured that the width of 
all the microdogbones was the same regardless of the 
amount of swelling that occurred for each polymer. 
The samples were removed from the water, the 

20 thickness was measured and they were tested. Five 

test specimens of each polymer, dry and hydrated, 
yere analyzed « The instrtament is interfaced to an 
IBM compatible computer which programs the machine 
and performs the appropriate calculations and the 

25 statistical data reduction. The tensile porperties 

of , membranes according to this invention having 
increasing hydrophilicity are provided in Table 19 
below. 
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Zabl&JLSL: Tensile Properties of Dry and Hydrated 

Polyurethemeureas as a Function of Hembrane 
Hydrophilicity 



Ultimate EkMigfttiOD 

Hj^eropluiic Initial Modulw Tensile Stxcagth 

Content (pa) ^) 



S3k 


















827 ± 


; 46 


6025 ± 


304 


945 




41 




1059 i 


: 87 


5076 ± 


236 


936 




24 


10% 


















722 ± 


32 


5783 ± 


514 


994 




44 


faydnted 


955 * 


25 


3942 * 


132 


945 




22 


20% 
iliy 


737 ± 


75 


4423 * 


4QS 


1G39 s 


67 


faydmted 


895 £ 


25 


. 3171 z 


237 


1026 ± 


61 


30% 


681 m 


89 


3409 ± 


324 


1110 ± 


59 




677 A 


104 


2560 £ 


190 


994 




68 


40% 
















diy 


740 ± 


69 


1325 ± 


85 


774 




18 


faydnted 


555 ± 


96 


1075 ± 


45 


630 




23 


50% 
dry 


596 ± 


63 


1100 2 


98 


830 




29 


faydnted 


456 ^ 


79 


817 ± 


44 


593 




30 



Example 8: Water Absorption and Extractables 
Since the eguilibriim water uptake is an 
important determinant of the moisture vapor 
transmission rate and the protein permeability of a 
polymer, the amount of water absorbed and the amount 
of material extracted f rom tJie polyurethaneureas were 
determined as well. An A&D analytical balance. Model 
FR-200, was used to accurately weigh samples to 0.1 
35 mg which had been equilibrated for 24 hours at 

equilibrated at 23 ®C and 50 % relative humidity 
prior to testing. Three test specimens of each 
polymer were placed in distilled water at 23 *c and 
.37 **C. After twenty four hours of water immersion 
40 the samples were removed, blotted dry and weighed. 

They were then dried for 24 hours at 23 **C and 50 % 
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relative humidity and reveighed. The weight percent 
of water in the polymer, or water absorption on a wet 
basis, which is always 5 100, was calculated with the 
following equation. 

^ sw - Fw X 100 

Sw 

Swelling related to the dry state is usually 
referred to as hydration or water absorption on a dry 
basis. Thus, the percent hydration or water regain, 
10 which may be greater than 100, was calculated from 

the following mathematical equation. 

Sw - Fw X 100 
Fw 

The degree of swelling, which is greater than or 
15 equal to about 1.0, was calculated as the following 

ratio. 

Sw 
Fw 

Similarly, the percentage of extractables was 
20 calculated as follows. 

FV - Ow X 100 
Ow 

For all the above formulas, the variables used 
represent the following parsuneters. 

25 Ow = original dry weight (grams) 

Sw = swollen wet weight (grams) 
Fw = final dry weight (grams) 
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The results obtained for membranes of increasing 

ft 

hydrophilities are shown in Table 20 below. 

Table 20; Water Absorption and Extractables at 23 
and 37 as a Function of Membrane 
Hydrophil icity 



Hydrophilic Dty Basis Weight Basis Extnccables 

Cooient (%) H2O Abcoxbed HoO Absoibed (%) 





23 


37-0 


23 


37 «C 


23 


37 -C 


0 


13 


L6 


13 


1.6 


0.1 


03 


10 


8.0 


6.9 


7.4 


63 


0.1 


03 


20 


21.7 


16.2 


17.9 


14.0 


0.1 


03 


30 


36.1 


31.2 


263 


23£ 


03 


OS 


40 


63.2 


48.4 


38.7 


32.6 


0j6 


0.7 


50 


1^4 


653 


43.9 


393 


0.7 


0.9 



Example 9: Permeation of Molecules of Varying 

20 Molecular Weights 

Diffusion experiments were conducted in which 
the heat-sealed, hollow-fiber membranes of this 
invention prepared as in Example 11 below were filled 
with permeant solutions containing an "^I-labeled 

25 tracer molecules of various molecular weights and 

placed in a test tube filled with permeant-free 
solution and incubated at 37**C, Aliquots were 
withdrawn from the test tube and measured in a well 
counter. Using as the membrane thickness 19 microns, 

30 and as an area of the membraini^ 0.016 cm^, the 

measured volumes of the hollow fiber ea\d test tube, 
and the starting concentrations; .inside and outside 
the hollow fiber, the permeability coefficient, p, 
was calculated from each sample. 

35 Regression analysis was used to calculate th 

best fit value for p, in this and in the diffusion 
cell experiments. The permeability coefficient P may 
be expr ssed in different units by applying suitable 
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conversion factors. Dat:a obtained for various 
proteins are shown in Table 21 below. 

Tafrl^ 21? Permeability Coefficients for Proteins 

of Varying MWs 



Protein Molecular Weight p (^g^cm/cm^^dayg/cm^) 



Glucose 


180 


9620 


Angip-kensin I 


1440 


90 


Glucagon 


3550 


400 


Insulin 


6000 


2300 


Aprotinin 


o 6500 


25 


Albumin 


68666 


10 


IgG 


158000 


0 



while glucose has a high 
p, molequles of increasing MW have lower p"s. Since 
the dense membranes of the present invention have 
permeabilities which are determined by the solubility 
of the permeants as well as their diffusivity, the 
permeability coefficients do not vary strictly with 
molecular weight (size) of the permeants* 

Example 10; Oxyger> Permeability of the Membranes 

of this Invention 

The oxygen permeability was determined for 
various membranes prepared with the polymers of this 
invention using a Createch 201 T Permeometer and a 
Rehder flat polargraphic cell in a 100 % hvimidity 
chamber at 35 ± 0.2 •c. For each' material reading 
fom: 13 mm circles of material were stacked together 
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on the electrode. All naterials were fully hydrated 
in 0.9% saline and incubated at 35 prior to 
readings being taken. The readings for three 
different samples of each material were averaged to 
5 produce the average reading in micro amps. The 

central thickness of each sample was measured with a 
micrometer. The central thickness of each material 
were averaged to produce the average thickness in cm. 
The results of the experiment are shown in Table 22 
10 below. 



Table 22: Oxygen Permeability Through Hydrophilic and 
Hydrophobic Polymers 



15 


Esampte 


Witter Abe 


Water Aibt. 


Dk/L 






(Hydropbilk 
Content %} 


(%) Dsy 


(%) I>ry 
Buis 


(10"' cc/cm^ 
sec mm Hg) 


(I0"11 cc cra/em2 
sec mm Hg) 



20 A (0) 0 



0 IJSS 318 



1Z4 



4 4 5.4 _ 

CCM) » 17 $.9C 105 

14.0 
15.4 



D (2S) 22 18 537 



25 F(58) 100 50 "sS 447 

G (66) 92 4S 9^5 120 



Exemple A is a polymer made from the reaction of 
MDI with and amine-terminated siloxane* Examples B 

30 through F are polymers mads from reacting MDI with a 

hydrophilic/hydrophobic soft segment and then chain 
extending with ED, The ratio of hydrophilic to 
hydrophobic content in the soft segment was varied, 
with Example B being the most hydrophobic and Example 

35 F the most hydrophilic « Example G has a MDI /ED hard 

s gment, a mixed hydrophobic/hydrophilic soft s gm nt 
and was chain terminated with dibutylamine. 
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Example 11; Preparation of Hollow Fibers 

Hollow fibers of 1 mm nominal diameter and 19 
micron thickness assessed by diffusion studies were 
dip cast on stainless steel mandrels, dried and water 
5 extracted from a 8 % solids solution of the copolymer 

in dimethylformamide prepared as described in 
Example 2. 

Hollow fibers were fabricated from the polymer 
solutions by dipping clean, dry l mm diameter 

10 stainless steel mandrels into the polymer solution. 

The mandrels were suspended in a baffled chamber 
maintained at 37 in a Class 1000 Cleanrobm. The 
mandrel was attached to a motor driven cable and 
dipped into the pplymer solution and withdrawn at an 

15 even speed. Time was allowed for the solvent to 

evaporate. The mandrel was inverted, hung and dipped 
again. This procedure was repeated three times to 
yield a tube with a single wall thickness of 0.75 
mil. Multiple dippings were performed to reduce the 

20 chances of pinholes in the polymer hollow fibers. 

The mandrels were left in the heated chamber for at 
least 16 hours to allow the solvent to evaporate. To 
aid in the removal of the hollow fibers from the 
mandrel, the coated mandrel was soaked in distilled 

25 water for one hour. The removal of any remaining 

residual solvent was achieved by water extracting the 
hollow fibers in distilled water for 24 hours. The 
hollow fibers were then flushed three times with 
distilled^ water and packaged in distilled water in 

30 clean glass tubes. Prior to filling the hollow fiber 

with islet cells the hollow fibers were leak tested. 
One end of the hollow fibers was heat-sealed, the 
tube was filled with distilled water and the 
remaining end was heat-sealed. The filled h llow 
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fiber was pressurized and tiie tube was examined for 
water leakage. 

The extracted hollow fibers were then sterilized 
by "liquid cycle* autoclave sterilization and stored 
in a sterile environment \intil they are used. 

Example 12 £ Maintenance of Cell Distribution within 
Membrane. 

Optimal diffusion of intracellular products out 
of a: membrane implant is achieved, in part, by 
maintaining an even distribution of the cells within 
the membrane. It has "b^en known to use hydrophilic 
natiiral polymers to ehcapsiilate meuamalian cells . 
Generally, inaimmaliah cellg have been 
microencapsulated through CM using, for 

examples ailgiriate ahd pdly lysine. One drawback to 
microencapsulation using certain crosslinked 
hydrophilic polymers is the tendency of crosslinked 
polymers to biodegrad^. 

It is also known that alginates and some 
vegetable gioms are capable of forming high water 
content gels suitable as encapsulating agents . Gels 
where the water content is higher than 99*5% have 
been ^produced. The high water content of these gels 
provides the^e gels Wit^i liigh permeability to the 
various permeants important tic hybrid artificial 
organs. Even at very high water contents,, these gels 
are vetry viscous and thus capable of immobilizing 
cells dispersed within the gel. However, one 
drawback to' ^e use of sbme^^ of ^ese acrylic 
hydrogels is their biodegradability, particularly 
wh n the gels are implanted as microcapsules dir ctly 
into tissue. 

By placing these high water content hydrogels 
within the membranes of the instant invention, it has 



been found t:hat the hydrogel compositions do not 
rapidly biodegrade once implanted. Thus a preferred 
embodiment of the instant invention is the use of a 
hydrpphilic gel with a water content i of about 35% 
water but preferably 2e 90% water inside of a dense, 
semi-permeable polymer membrane. The dense membranes 
of the instant invention provide immunoisolation and 
necessary selective pexrmeability while also providing 
an absolute beurrier to cells » The water swollen gel 
fixes the position of the cells within the dense 
membrane (e.g. in the shape of a hollow fiber) to 
prevent bunching. J^n addition, the high water 
content of the wat;er swollen gel provides low 
resistance to the permeability of species leaving or 
arriving at the contains 

The dense membrane may also provide a biostable 
protective layer to the water-swollen gel, thus 
preventing or reducing biodegradation of the gel. 

Suitable dense membranes include but are not 
limited to hydrophilic or amphipathic polyurethanes 
having ^ about 20% water but preferably > 50% water 
but less equilibrium water content than the water- 
swollen gel. Water content is measured in water 6 
37«>C and expressed as a percentage of the wet weight 
of the sample after maximum weight gain has occurred. 
This^ value is determined by weighing the polymer wet 
and again after the polymer has been, 
dried to equilibrration at standard laboratory 
conditions, e.g. .-23 •C and 50% relative hxamidity. 

Suitable hyflrpcrels are alginates (e.g. sodium 
alginate, auxunonia .alginates, potassixim alginates, 
propylene glycol alginates, algins) , guar gum, gum 
tragacanth, locust bean gum, methocel, xanthan gum, 
polyethylene oxide, polypropylene xide, dextrans. 
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acrylates, metliacrylates, polyvinyl alcohol, 
polyvinyl pyrolidone and combinations of the above. 

Those gums or resins capable of "croisslinking" 
may be used crosslinked or linear » For example, 
5 sodium alginate may be used "as is" or converted to 

its insoliible calcium form. 

The most preferred hydrogel is calcium alginate 
wherein the water content is greater than about 90%. 

With regard to all of the above-described 
10 devices/ it is preferred that the devices further 

comprise a hydrogel that comprises greater than 
about 35% water, within th© cavity of the device. 
The hydrogel serves to iamobiliEe the cells within 
the device, thus insuring; an even cell distribution 
15, within the device «. 

The most preferred embodiment of the instant 
invention comprises the implantation of a dense 
membrane in the form of hollow fibers where the 
hollow fiber is filled with calcium alginate with a 
20 water content greater than about 90%. However, it 

is understood that the geometry of the dense membrane 
can be in any form including sheets larger diameter 
tubes, etc. 

A further description of the preparation and use 
25 of hydrogeliB is provided by co-file, co-pending U.S. 

Patent Application entitle METHOD OF CULTURING VIABLE 
CELLS AND METHOD OF REGULATING BLOOD GLUCOSE LEVELS 
BY IMPLANTATION OF VIABLE : CELLS IN NON^POROUS , SEMI- 
PERMEABLE POLYMERIC MEMBRANES by Robert S. Ward, John 
30 Monahan and Robert Kuhn (Attorney Docket No. SOMA- 

20111, the text of which relating to the use of 
^ hydrogels is incorporated herein by reference. 

. Example 13 : Measxirement of Permeability and 
Mathematical Model 
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The most widely used met:hod for comparing 
polymers according to their moisture vapor 
transmission rates (KVTR) is the ASTH E96 method. 
The results are most often expressed as grams of 
water transmitted per day per square meter of film 
area, rather than in typical units of p, referred to 
above. The driving force associated with the 
permeation of a substance is determined by the 
conditions of the experiment, but is not always 
repoirted in convenient units. In order for the data 
to be meaningful i these factors must be taken into 
consideration as well, as reporting the data in 
reference to thetthidkness of the membrane. The 
nomaalization to unit thickness, such ias mils, may 
be done by multiplying the MVTR by the film thickness 
in: the same: units . 

Two variations- of the ASTM E96-80 method are 
presently popular. The first, called the Upright-Cup 
method, is known as E-96-80 Procedure B. In this 
procedure I V standard cups are filled with water to a 
prescribed depth and sealed with the sample. The 
cups are accurately weighed and placed upright in an 
environment maintained at 23**C and 50% relative 
humidity (RH) with an air velocity of 500 to 600 
ft /minute parallel to the sample. The sample is in 
contact with the -vapor space within the cup, which is 
also at 23 fC^ ahd:-1^0% RH. Following a transient 
time lag .period:. at :^he beginning of the experiment, 
weight loss: versus time at steady state is measured 
and used to calculate MVTR from the area of the 
sample. The vapor pressure driving force V.P.) in 
the ASTM E-96 Procedure B is a constant 10.5 mm Hg. 

The ther is th Inverted-Ciip method, Proc dur 
BW. The conditions for this procedure are in general 
similar to those us d in the upright cup method. 
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except 'that; Uie cup is Inver'ted so Uiat water 
contacts the sample. 

At the present time, there are few published 
tabulations of polymer HVTR values available. One 
mil film values may be calculated from their 
published water vapor permeability constants as 
described above. The HVTH value, as determined by 
the Upright Cup method, may vary over nearly four 
orders of magnitude, from <0.1 for 
polyvinylidenechlorids to >800 g/M^/day for the 
present hydrbphilic polyiiirethanes • Although part of 
the variation is due to the varying levels of 
crystallinity within the rahgfe bf polymers cited, the 
wide range of values illui^ti^ates that very 
significant changes in pernieabiiity may be obtained 
through changes in membrahe bhemis^ry. 

Using the computer software prbgreim 
MATHEMATICA*, for doing mathematical calculations, 
the inventors developed an analytical model for the 
non-steady-state diffusion of solutes in a closed 
diffusion cell, which is well suited for conducting 
protein permeability studies utilizing two-chamber 
dialysis / diffusion cells. The use of these simple- 
cells allows several experiments to proceed in 
parallel due to the small size cmd simplicity of the 
apparatus. The membranes are hydrated and the 
diffusion cells are asseSabled and leak-tested, then 
completely filled with, fe;g. ; solute-frete 
phosphate-buffered saline (PBS) in one chsunber, 
chamber 2, and solute-containing PBS in a second 
chajnber, chamber 1. No air interface is allowed 
between the two chambers. T avoid concentration 
polarization, the cells may be placed on a gentle 
m chanical shaker, .g. , in an incubator with 
temperature control for maintaining the temperature 



a't, e.g., 37 The permeant concen^at:ion in 

cheunber 2 nay be measured by sensitive calorimetric 
methods using a visible light spectrophotometer and 
appropriate reagent kits. (Bradf orn, M.M. , "A 
Refined and Sensitive Method for the Quantitation of 
Microgram Quantities of Protein Utilizing the 
Principle of Protein-Dye Binding'^ Anal Biochem, 
72:248 (1976) ; Sedmark, J.J. and Grossberg, S.E. , "A 
Rapid, Sensitive and Versatile Assay for Protein 
Using Commassie Brillant Blue G25Q> Anal Biochem, 
79 : 544 (1977), Keilin Q. , and Hartree EF> " 
of Glucose Oxidase [notat in] '\ Biochemv J> 42:221, 
(1948), and Keilin D. and Hartree EF,, "specificity of 
glucose oxidase [notat Biochem J 50:331, (1952)). 

Side 1^ . ; of the membrane facing chamber 

1, is charged with, a perm solutionrwith 0.03% 

sodium azide to. retard bacterial contamination in 
solution at concentration, clo, and the concentre £ion 
of the solution is monitored on side two, c2, as a 
function of time, t, while controlling temperature 
and agitation to determine the permeability 
coefficient, p, of the. membrane. It is also of 
interest to determine the time, t, at which 
concentration, c2, will reach a specific value under 
conditions of knowi? Pj. clo, c2p, a, vl, v2, and 1. 

According tp. Pick' ^ Law, the flux of permeant 
through a membrane is proportional to the 
concentration driving force across the membrane, 
cl~c2 , and the membrane area , a , and inversely 
proportional to the membrane thickness, 1, The 
permeability coefficient, p, is the proportionality 
constant linking the solubility and diffusivity 
coefficients and the liquid film resistance together. 

In this model it is assumed that p is 
independ nt of the driving force in the water-swollen 
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membrane. It is also assumed that: the flux is 
proportional to the area and inversely proportional 
to the thickness. 

At eguilibrixm, the net f liix across the membrane 
5 stops. If vl = v2, equilibrium will be reached at 

cl = c2 = clo/2 

For unequal cell compartment voliimes, i.e., vl 
v2, the equilibrium may be calculated as if vl at clo 
and v2 at c2o were simply mixed together, i.e., 

10 ceq == (clo yl -^^ c2o v2)/(vl + v2) , 

wherein ceq is the eqiiilibrium concentration in both 
chzuober s • 

The driving force in membrane permeation is the 
difference between the upstream concentration, cl, 

15 and the downstream concentration , C2 , of the 

permeant. The quantity (cl-c2) changes continuously 
during the course of a non-steady-state experiment. 
After an initial transient period, only a single 
chcunber-2 concentration measurement is needed to 

20 calculate the peirmeability constant p according to 

the following equations. 

t=rO, cl=clo and c2=c2o Known Initial 

Conditions 

t=«o, cl=c2=ceq=(clo vl+c2o v2)/(vl+v2) Equilibrium 

25 t=t, clvl + c2v2 = clovl + c2ov2 Conservation 

of Mass 

wherein 

do s initial perimnt coocentfatioo in chunber 1 (g/cc), 
. vl « voluaie of chamber 1 (cc), 
3 0 c2o * initial pennauit ooncectntion in chamber 2 (g/cc), 

v2 ^ voluinc oT chamber 2 (oc), 
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10 



1 
t 
P 

Thus, 



mcfflbftDC area (cm^^* 
membnne Ihirknrg (cm), 
time (days), and 

pemicability ooeCQcicat (ugcxn/dayvm^^mL), 



P = • 



I vl v2 Log 



(-C2 -i-Cclo vl-c2v2)/vl 



clo - c2o 



a t(vl+v2) 



10' 



15 



If an experiment is performed in a diffusion 
cell with equal chamber volumes, i.e., vl=v2=v, and 
c2o is equal to zero, the equation is reduced to the 
following equation, 

p = -(Iv Log[l-((2 C2/C10) ]/(2 a t) ) *10* 



20 



The invention now being fully described, it will 
be apparent to one of ordinary skill in the art that 
many changes and modifications can be made thereto 
without departing from the spirit or scope of the 
invention as set forth herein. 
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CLAIMS: 

1. A biocompatible, hydrophilic, segmented 
block polyurethane copolymer, comprising 

about 5 to 45 wt% of at least one hard 
segment; and 

about 95 to 55 vt% of at least one soft 
segments comprising at least one hydrophilic, 
hydrophobic or amphipatic oligomer selected from 
the group consisting^ .of aliphatic polyols, 
aliphathic and aromatic polyamines and mixtures 
thereof the. copolymer ; being capable' of forming 
a substantially ^non-^porous semi^permeable film 
having a tensile strength greater than about 350 
psi and up to about m, poo psi, an ultimate 
elongation greater than about 300% and up to 
about 1,500 % and a water absorption such that 
the sum of the volume :fractibn of absorbed water 
and the hydrophilic> volume . fraction of the soft 
segment exceeds about 100% and up to about 
2,000% of the dry polymer volume and exceeds 
about 50% and up to about 95% of the wet polymer 
volume and being permeable to molecules of up to 
about. 6,000 to 600,000 molecular weight and 
substantially impermeable to particulate matter. 

2..; ; The -copolymer iOf::claim r, having a 
molecular weight of about. 5,000 to 150,000* 

3. : The copolymer of claim 1, wherein the 
volume fraction of absorbed water is about 50% or 
greater than the total volume of the water swollen 
polymer. 

4. The copolymer of claim 1, wherein the 
aliphatic polyols of the soft segment are selected 
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from the group consisting of linear, branched and 
graft polyarylene, polyalylene and polyalkenyline 
oxides, random and block copolymers thereof, 
polycarbonate polyols, hydroxy 1-termina ted silicones, 
5 random and block copolymers thereof with polyalkylene 

oxides, linear and branched polyalkenyl, and 
polyalkylene polyols, and mixtxires thereof. 

5. Ther copolymer of claim 1, wherein the soft 
segment is selected from the group consisting of 
10 amine-terminated polyalkylene oxides and random, 

block and graft copolymers thereof, amine-terminated 
polydialkylsiloxanes, random and block copolymers 
thereof with polyalkylene oxides and mixtures 
thereof. . ■ ■ 

15 6. The copolymer of claim 1, further 

comprising an end group selected from the group 
consisting of monof unctional aliphatic polyols, 
aliphatic or aromatic amines and mixtures thereof. 

7„ The copolymer of claim 6, wherein 
20 (a) the monofunctional aliphatic polyols 

of the end group are selected f rein the group 
consisting of monofunctional polyalkylene 
oxides, siloxanes and mixtures thereof; and 

(b) the monofunctional 2imines of the end 
25 group are selected from the group consisting of 

: dialkylcunines, amine f unctionalized siloxanes, 
amine terminated polyakylene oxides and mixtures 
thereof. . 

8. The copolymer of claim 1, wherein the soft 
30 segment is selected from the group consisting of 
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reaction producte of an organic diisocyema^e viUi a 
polyamine and a polyol. 

9. The copolymer of claim 8, wherein tihe 
orgemic diisocyanate of the hard segment is selected 
from the group consisting of alkyl diisocyanates, 
arylaUcyldiisocyanates , alkyl-cy cloalkyl 
diisocyanates V alky lary 1 diisocyanates , cycloalky 1 
diisocyanates V ary 1 diisbcyaiiates , and cycloalkylaryl 
diisocyanates^ which may be further substituted with 
oxygen, and mixtures 

10. The copolymelt b 8, wherein the 
polyol of the hard segments from the group 
consisting bf alkylene,- cyc^ and azrylene 
diols, triols, tetraalcohols , pentaalcohols and 
mixttires thereof. 

11 . The copolymer of claim 8 , wherein the 
polyamine of the hard segment is selected from the 
group consisting of alkyl ^ cycloalky 1, and aryl 
cuaines, which may be further substituted with O or 
halogen, complexes thereof with alkali metal salts, 
and mixtxires thereof. 

12. The copolymer of claim 1, wherein the soft 
segment comprises a polyethyleneoxide of molecular 
weight greater than about 3,000 da 1 tons. 

13. The copolymer of claim_12 , wherein the 
polyethyleneoxide has a molecular weight of about 
8,000 or greater. 

14. The copolymer of claim 7, wherein the soft 
segment comprises a blend of polyols selected from 



the group consisting of a polyethyleneoxide of 
XDolecular weight greater than about 3,000 daltons, a 
polyethyleneoxide-polytetramethyleneoxide copolymer 
and a polyethyleneoxide homopolymer, a 
polyethyleneoxide-polytetramethyleneoxide copolymer 
and an ethyleneoxide-capped polyethyleneoxide 
copolymer, a polyetJiyleneoxide-polypropyleneoxide 
copolymer and a polyethyleneoxide homopolymer, a 
pplyethyleneoxide-polypropyleneoxide copolymer and a 
pplyprppyleneoxide homqpolymer, a polyethyleneoxide 
homoploymer and a polytetramethyleneoxide 
homopolymer, a polyethyleneoxide copolymer and a 
polycarbonate homqpolymer, a polyethyleneoxide 
copolymer and a. pplybutadiene homolymer, and a 
polyethyleneoxide copolymer and a polyisbbutylene 
homopolymer, 

15. The copolymer of Claim 14, wherein the soft 
segment comprises a blend of a 

polyethyleneoxide-polytetramethyleneoxide copolymer 
and polyethyleneoxide homopolymer. 

16 The copolymer of claim 14, wherein the soft 
segment is a blend of a 

polyethyleneoxide-polytetramethyleneoxide copolymer 
^hd a pplyethy leneoxide-polypropy leneoxide copolymer . 

17. The copolymer of claim 14,, wherein the soft 
segment is a blend of a 

polyethyleneoxide-polytetramethyleneoxide copolymer 
and an ethyleneoxide-capped polypropyleneoxide 
polymer. 

18. The copolymer of claim 14, wherein the soft 
segment is, a blend of a 
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polyethyleneoxide-polypropyleneoxide copolymer and a 
polyethyleneoxide homopolymer. 

19. The copolymer of claim 14, wherein the soft 
segment is a blend of a 

polyethyleneoxide-polypropyleneoxide copolymer and a 
polypropyleneoxide homopolymer* 

20. The copolymer of claim 14, wherein the soft 
segment is a blend of a polyethyleneoxide homopolymer 
and a polytetramethylenecxide homopolymer providing 
the copolymer having a lesser tensile strength and 
elongation in the wet state than in its dry state. 

21. The copolymer of -Claim 14, wherein the soft 
segment is a blend of a poiyethyleneoxide-containing 
copolymer and a polycarbbnkte homopolymer. 

22. The copolymer of Claim 14, wherein the soft 
segment is a blend of a polyethyleneoxide-containing 
copolymer and a polybutadiene homopolymer. 

23. The copolymer of Claim 14, wherein the soft 
segment is a blend of a polyethyleneoxide-containing 
copolymer and a polyisobutylene homopolymer. 

24. A non-porous j semi-i>ermeable, biocompatible 
film formed from the block copolymer of claim 1. 

25. The non-porous film of claim 24, in the 
form of a flexible sheet or a hollow membrane. 

26. The non-porous film of claim 24, being 
attached t a siobstrate. 
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27. The non-porous film of claim 26, in the 
form of a coating deposited onto a substrate. 

28. The non-porous film of claim 27, wherein 
the substrate is a woven or knitted sxibstrate or a 
porous polymer. 

29. The non-porous film of claim 26, having a 
thickness of about 1 to 150 microns. 

30. The non-porous film of claim 24, having a 
thickness of about :5 to 150 microns. 

31. A method of permeating molecules of a 
predetermined molecular weight range while 
substantially preventing the passage of cells and 
particulate matter between two fluids comprising 
interposing between the two fluids the nonporous film 
of claim 24. 

32. -A biocompatible, hydrophi lie, segmented or 
block polyurethane copolymer, comprising 

about 5 to 45 % of at least one hard 
segment selected from the group consisting of 
reaction products of an organic diisocyanats and a 
polyeuaine and a polyol; and 

. about ^5 tQ.>55 wt % of a hydrophilic soft 

segment comprising:. a>: blend of a 

polyethyleneoxide-polytetramethyleneoxide copolymer 
and a polyethyleneoxide. homopolymer . 

33. The block polyurethane copolymer of claim 
32, wher in the organic dissocyahate comprises 

4 , 4 • -diphenylmethan diisocyanat . 
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34. The block polyuret:hane copolymer of claim 
32, wherein the organic diisocyana-te comprises 
hydrogenated diphenylmetheme diisocyante. 

35 • The block polyurethane copolymer of claim 
32, wherein the hard segment polyol comprises an 
alkylenediol - 

36. The block polyurethane copolymer of claim 
35 , wherein the hard segment polyol comprises 
butanediol. 

37, The block polyurethane copolymer of claim 
32, wherein the hard segment polyamine comprises an 
alkylenediamine • 

38 e The block polyurethane copolymer of claim 
37, wherein the hard segment polyamine comprises 
ethylenediamine. 

39. A non-porous film made from the polymer of 
claim 32. 

40. The film of claim 32, being attached to a 
substrate. 

41. A biocompatible, hydrophilic^ segmented or 
block polyurethane copolymer, comprising 

about 5 to 45 wt % of a least one hard 
segment selected from the group consisting of 
reaction products of an organic diicyanate and < 
polyaunine and a polyol; and 

about 95 to 55 wt % fa hydr philic soft 
segment comprising a blend of polyethyleneoxide 
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poly^etrame^yleneoxide copolymer and a 
polyethyleneoxide-polypropylene oxide copolymer. 

42. The block polyurethane copolymer of claim 
41, wherein the organic diiisocyanate comprises 

5 4 , 4 • -dipheny Imethane diisocyanate (MDI ) • 

43. The block polyurethane copolymer of claim 
41, wherein the organic diisocyanate comprises 
hydrogenated dipheny Isiethane diisocyanate (HHDI) . 

44. The block polyiirethane copolymer of claim 
10 41, wherein the hard segment polyol comprises an 

alkylenediol . r ;- 

45. The block polyurethane copolymer of claim 
44, wherein the hard segment polyol comprises 
butanediol. 

15 46. The block polyurethane copolymer of claim 

41, wherein the hard segment polyamine comprises an 
alky lenediamine . 

47. The block polyurethane copolymer of claim 
41, wherein 

20 the hard segment polyamine is ethylene 

diamine. 

48. A non-porous film made from the polymer of 
claim 41. 

49. The non-porous film of claim 48, being 
25 attached to a substrate. 
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50, A biocompatible, hydrophilic, segmented or 
block polyurethane copolymer, comprising 

about 5 to 45 wt % of at least one hard 
segment selected from the group consisting of 
reaction products of an organic diisocyanate and 
a polyamine and a polyol; and 

about 95 to 55 wt % of a soft segment 
comprising a blend of a 
polyethyleneoxide-homopolymer and a 
polyethyleneoxide-polypropylene oxide copolymer. 

51. The block polyurethane copolymer of claim 
50, wherein the organic diisocyanate comprises 
4,4*-diphenylmethane diisocyanate (MDI) . 

52 . The block polyurethane copolymer of claim 
50, wherein the organic diisocyanate comprises 
hydrogenated diphenylmethane diisocyanate (HMDI) . 

53. The block polyxirethane copolymer of claim 
50, wherein the hard segment polyol comprises an 
alkylenediol . 

54. The block polyurethane copolymer of claim 
53, wherein the hard segment polyol comprises 
butanediol. 

55. The block polyurethane copolymer of claim 
50, wherein the hard segment polyamine comprises an 
alkylenediamine • 

56- The block polyurethane copolym r of claim 
55, wherein the hard segment polyeuaine comprises 
ethylenediamine • 
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57* A npnporous film, xaade from tihe polymer of 
claim 50. 

58. The non-porous film of claim 57, being 
attached to a substrate. 
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